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Abstract
The topographically segmented, ~700 km long Alaska Range evolved over 
the last -50  Ma in response to both far-field driving mechanisms and near-field 
boundary conditions. The eastern Alaska Range follows the curve of the Denali 
Fault strike-slip system, forming a large arc of high topography across southern 
Alaska. The majority of the topography in the eastern Alaska Range lies north of 
the Fault. A region of low topography separates the eastern Alaska Range from the 
central Alaska Range, where most of the high topography lies south of the Denali 
Fault. To the west, there is a restraining bend in the Fault. Southwest of the bend, 
the north-south trending western Alaska Range takes an abrupt 90 degree turn away 
from the Denali Fault.
I applied 40Ar/39Ar thermochronology to over forty granitic samples to 
constrain the thermal history of the western and eastern Alaska Range. I combine 
the 40Ar/39Ar analyses with available apatite fission track and apatite (U-Th)/He 
dating. I then inferred the Alaska Range’s exhumation history from the region’s 
rates and patterns of rock cooling.
Periods of mountain building within the Alaska Range are related to 
Paleocene-Eocene ridge subduction and an associated slab window (-50 Ma to -35 
Ma), Neogene flat-slab subduction of the Yakutat microplate (-24 Ma to present), 
Yakutat microplate latitudinal variation in thickness (-6  Ma to present), block 
rotation/migration, and fault reorganization along the Denali Fault. However, it is
iv
clear from basin, petrological and thermochronological constraints that not all of 
the far-field driving mechanisms affected every segment of the Alaska Range to the 
same degree or at the same time. Alaska Range tectonic reconstruction is also 
complicated by near-field structural controls on both the timing and extent of 
deformation. Fault geometry affects both the amount of exhumation (e.g., -14  km 
in the Susitna Glacier region of the eastern Alaska Range) and location of 
topographic development (e.g., north or south of the Denali Fault). The topographic 
signature we see today is also in part the result of a pre-existing landscape modified 
by Plio-Quatemary (-3 Ma to present) surface processes.
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1CHAPTER 1 
SYNOPSIS 
1.1 Document Format
This dissertation is presented in 5 chapters. Chapter 1 discusses motivation 
and background definitions, introduces the document, outlines the scientific 
objectives, provides a summary of the goals of this study, and summarizes key 
results. Chapters 2 and 3 focus on the eastern Alaska Range’s Neogene tectonic 
history and provide background on the Alaska Range’s known uplift history, the 
Denali Fault, and the Yakutat Microplate. Chapter 4 focuses on the western Alaska 
Range’s Paleocene to present tectono-thermal history with the Tordrillo Mountain 
region the main area of study. It also provides background on the Paleocene- 
Eocene ridge subduction event in southern Alaska and how ridge-subduction 
related slab windows can be documented in the rock record. Chapter 5 is a 
conclusion chapter, tying the first 4 chapters together. Chapter 2, 3, and 4 are 
intended for separate publication. Supplementary data and all analytical work 
relevant to, but not included in, the main body of the text are in the repository at the 
end of each chapter.
1.2 Motivation
Mountains have played and continue to play a pivotal role in our 
mythology. Mount Olympus of Greek times was considered the home of the gods. 
Mount Sinai of Biblical times was the de facto peak of knowledge and law. During
2the first half of the twentieth century, mountains like the Eiger of Switzerland were 
climbed for national prominence. In the nuclear age, we have investigated how 
mountains play an active role in many aspects of the natural world. Orogenic belts 
affect climate on both a regional and global scale. Basin formation is often linked 
to orogenesis. Evolution can be affected by the biological barrier mountain belts 
can create. The study of orogenesis is motivated in part by scientific pursuits in 
plate tectonic reconstruction, paleo-climatology, and resource development. The 
desire to unravel the history of an orogenic belt may also be primordially linked to 
our urge to climb mountains. The drive to see what is on the other side might have 
grown out of our evolutionary history along the rift mountains of eastern Africa.
There are many tools available for studying mountain building. Basin 
analysis, structural reconstruction, stable isotope examination, and palynology are 
just a few of the disciplines that have been applied to the study of orogenesis. I 
chose to use a discipline of geochronology known as thermochronology to further 
our understanding of the tectonic history of the Alaska Range. Thermochronology 
is a dating technique that associates an age with a blocking temperature. A closure 
age or cooling age is nominally the temperature below which a radiometric system 
starts to record an age. Different radiometric systems have different closure 
temperatures. By applying a broad range of thermochronometers, the history of a 
rock from crystallization to the Earth’s surface can be investigated. K-feldspar 
40Ar/39Ar thermochronology (KFAT) in particular is a powerful
3thermochronometric tool because of the multi-domain nature of KFAT closure. 
KFAT can record both the history of a sample as it passes through the -350 °C 
isotherm to the -150 °C isotherm and any possible reheating events. Because of its 
potential to record protracted and complicated thermal histories and because there 
are numerous felsic plutons in the Alaska Range to sample from, I chose KFAT 
analysis as our main tool.
The exhumation history of rock is inferred from the rock’s thermal history 
by evoking a geothermal gradient and assuming the geothermal gradient is both 
temporally and spatially consistent. There are modem computational tools to model 
paleo-geothermal gradients, but the application of such are nascent and beyond the 
scope of this research. In this study, instead of modeling the geothermal gradient 
through time and space, I look at general trends in cooling rates and try to avoid 
placing emphasis on rates of exhumation.
The closure or blocking temperature concept is considered nominal because 
there are numerous grain size, chemical, radiogenic and kinetic properties that can 
affect the true temperature of closure. A rock sample that has experienced a short 
period of reheating even at a relatively low temperature, such as a forest fire, can 
have inverse thermochronometric cooling ages. Inverse thermochronometric ages 
in the same sample can also be evidence of alteration (40Ar/39Ar system) or a litany 
of problems with the thermochronometric system itself. Care must be taken when
4applying (U-Th)/He dating in particular because it is common for the results to be a 
range of ages that may or may not be geologically meaningful.
The spatial pattern of cooling ages from both vertical profiles and horizontal 
transects and/or numerous cooling ages from a single sample can be used to infer a 
rock’s history as it moves towards the surface. This rock path is known as 
exhumation and involves both erosion and rock uplift. Exhumation is the preferred 
term to uplift because it is not clear from the word uplift what the reference frame 
is. Uplift in relation to the surface has the extra complication of unknown paleo- 
surface elevations before the surface uplift event.
Complications still exist in terms of projecting the spatial extent of an 
inferred exhumation event from a single sample or even numerous samples. The 
caveat that the absence of evidence of exhumation is not necessarily evidence of 
the absence of an exhumation event adds to the difficulties in using 
thermochronology as a tectonic reconstruction tool. I prefer to apply numerous 
thermochronometric systems to each sample to better elucidate a rock’s thermal 
history from crystallization to the surface. I also tried to sample both along and 
across major regional structures and performed both vertical profiles and horizontal 
transects to examine short and long wave trends in exhumation patterns.
The Alaska Range is a prominent orographic barrier that makes interior 
Alaska cold and dry. The continental climate of interior Alaska can lead to the 
bending of light, creating atmospheric illusions or mirages. Often the Alaska Range
5appears flatter and wider than the Range actually is. Under other atmospheric 
conditions the Alaska Range can emerge tall and skinny on the horizon. The day to 
day changes in our observation of the Alaska Range is a fitting analog for the 
overall topographic development of the region through space and time.
1.3 Research Objectives
When this study was started there was limited thermochronological data 
published from the Alaska Range. Cooling age data from a small number of 
samples from two geographically limited regions (Tordrillo Mountains and Mount 
McKinley region) were used to decipher the -700 km long Alaska Range’s entire 
tectonic history. Thermochronology is a powerful tool for tectonic reconstruction. 
The question remains whether tectonic events constrained from a small sample set 
reflect actual tectonic events or sample biases. I set out to collect a large sample set 
and apply a broad range of thermochronological techniques to examine the uplift 
history of the Alaska Range. By applying a broad range of thermochronometers the 
time-temperature path of a rock towards the surface can be constrained. By 
collecting samples along and across the strike of the Alaska range I was also able, 
at times, to examine how major structures affected exhumation patterns.
The majority of the low-temperature (apatite fission track and apatite (U- 
Th)/He) for this project was produced by Stephanie Perry at Syracuse University. 
Ms. Perry’s low-temperature data set from these samples will be published in her 
Ph.D dissertation and collaborative manuscripts.
6The main questions of this study are:
1) How old is the Alaska Range?
2) What far-field plate-scale tectonic process led to the formation of the 
Alaska Range?
3) What near-field (-20 km proximity) boundary conditions affect 
topographic development in the Alaska Range?
4) What happened to long-term erosion rates in the Alaska Range after the 
introduction of valley glaciation after ~ 3 Ma?
These questions all fall under the umbrella questions: Did the Alaska Range rise 
synchronously, implying a singular tectonic mechanism? Did the eastern, central 
and western Alaska Ranges rise diachronously, implying different tectonic drivers 
through time and space? Or did the Alaska Range rise in a spatially and temporally 
progressive manner, implying the same far-field tectonic event with stresses 
disturbed by near-field boundary conditions such as translation through a 
restraining bend?
1.4 Chapter Summaries
Chapter 1 provides a philosophical introduction of why I care “whence the 
mountains?” The chapter introduces the reader to some key terms and concepts that 
will make the manuscript chapters more accessible. It also provides a description of 
the overall document format.
7Chapter 2 focuses on the Neogene exhumation history of the eastern Alaska 
Range region. In particular the chapter discusses the relationship between 
exhumation in the eastern Alaska Range and the Denali Fault. A large range of 
40Ar/39Ar thermochronometers are applied. In addition, apatite fission track and 
apatite (U-Th)/FIe cooling age data is provided by Stephanie Perry and Dr. Phil 
Armstrong at Fullerton College. It is clear from the cooling age data set that depth 
of exhumation varies both across and along the Denali Fault. It is also clear that 
rapid exhumation has been occurring in the eastern Alaska Range since ~24 Ma. 
The spatial focus of rapid exhumation varies with time in a general east to west 
pattern with the current focus in the Nenana Mountain region. There is also 
evidence of an increase in exhumation rates after ~3 Ma that is temporally 
correlated with increased erosional forcing due to glaciation. Surge-type glaciers 
are suggested to play a particularly important role in the rapid exhumation of the 
region after ~3 Ma. The Yakutat microplate collision/flat slab subduction is 
suggested as far-field plate-scale tectonic driver for Neogene exhumation. Chapter 
2 has been published in the journal Geosphere.
Chapter 3 focuses on the question of what constitutes an exhumation event. 
Does cooling in one rock imply a change in plate-scale tectonic forcing? Can a 
single vertical transect constrain the orogenic history of entire mountain range? Is 
episodic exhumation a reflection of sampling biases or variations in tectonic 
forcing? To investigate these questions I examine the thermal history o f the eastern
Alaska Range as a continuum and constrain persistent exhumation from ~24 Ma to 
present. By applying a new graphical approach, vertically stacked 
thermochronology, I view the thermal history of the region in a singular context.
No single sample underwent rapid cooling for -24  Ma, but as a sample collective, 
some region in the eastern Alaska Range experienced rapid cooling for a shorter 
period of time from -24 Ma to present. With persistent exhumation documented, I 
then make a stronger case for flat slab subduction of the Yakutat microplate driving 
exhumation in the eastern Alaska Range. Chapter 3 is prepared for submission to 
the journal Tectonics.
Chapter 4 focuses on K-spar thermochronology in the Tordrillo Mountains 
of the western Alaska Range. The samples were previously analyzed for apatite- 
fission-track and (U-Th)/He by Peter Haeussler, Jim Spotila, Paul O’Sullivan and 
Aaron Berger. I applied K-spar thermochronology to examine the thermal and rock 
uplift history of the samples from a deeper crustal level than captured by the low- 
temperature thermochronometers. Clustering of the K-spar ages generally supports 
previous conclusions that the Tordrillo Mountains are probably dissected by faults. 
The K-spar analysis also captured the first evidence of rapid rock cooling during 
the early Eocene in the Alaska Range. I inferred the cooling was related to 
exhumation. The likely driver for the exhumation event is upwelling of the 
asthenosphere and magma injection into the upper plate because of a slab window 
related to the Kula-Resurrection ridge subduction event. I invoke a high geothermal
9gradient (~50 °C/km) to explain the large (-200 °C) amount of recorded rock 
cooling during the Eocene in the Tordrillo Mountains. Regional thermochronology, 
basin history, and magmatism support the slab window interpretation. Chapter 4 is 
prepared for submission to Geochemistry, Geophysics, and Geosystems.
Chapter 5 is both a short discussion of orogenesis in general and a 
conclusion. The Alaska Range is topographically asymmetrical, raising questions 
as to whether the topographic signature of the Alaska Range is related to antecedent 
rivers or reflects variations in both far and near-field tectonic processes. It is clear 
from this research that different segments of the Alaska Range experienced rapid 
exhumation at different times. Within individual segments, the eastern Alaska 
Range in particular, exhumation patterns likely reflect near-field boundary 
conditions such as the dip of the Denali Fault. The western Alaska Range 
experienced rapid cooling from -49  Ma to -35 Ma due to a slab window event. The 
eastern and western Alaska Range experienced exhumation at -24  Ma most likely 
related to the initial flat slab subduction of the Yakutat microplate. The eastern 
Alaska Range continued to experience rapid exhumation from -24  Ma to present as 
the Yakutat Microplate drove the southern Alaska Block into the apex of the Denali 
Fault. At -6  Ma the western and central Alaska Range experienced a marked 
increase in exhumation rates, probably due to the onset of southern Alaska block 
rotation. Block rotation was driven by convergence of the unsubductable outboard 
section of the Yakutat Microplate with the Fairweather fault system.
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CHAPTER 2
SPATIAL VARIATIONS IN FOCUSED EXHUMATION ALONG A 
CONTINENTAL SCALE STRIKE-SLIP FAULT: THE DENALI FAULT OF 
THE EASTERN ALASKA RANGE1
2.1 Abstract
40Ar/39Ar, apatite fission-track and apatite (U-Th)/He thermochronological 
techniques were used to determine the Neogene exhumation history of the 
topographically asymmetric eastern Alaska Range. Exhumation cooling ages range 
from -33 Ma to -18 Ma for 40Ar/39Ar biotite, -18  Ma to -  6 Ma for K-feldspar 
minimum closure ages, and -15 Ma to -1 Ma for apatite fission track ages. Apatite 
(U-Th)/He cooling ages range from -4  Ma to -  1 Ma. There has been at least -11 
km of exhumation adjacent to the north side of Denali Fault during the Neogene 
inferred from biotite 40Ar/39Ar thermochronology. Variations in exhumation history 
along and across the strike of the fault are influenced by both far-field effects and 
local structural irregularities. We infer that deformation and rapid exhumation has 
been occurring in the eastern Alaska Range since at least -22  Ma, most likely 
related to the continued collision of the Yakutat microplate with the North 
American plate. The Nenana Mountain region is the late Pleistocene to Holocene
(past -1  Ma) primary locus of tectonically driven exhumation in the eastern Alaska
'Benowitz, J.A., Layer, P.W., Armstrong, P., Perry, S.E., Haeussler, P.J.,Fitzgerald, P.G., and VanLaningham, S., 2011, Spatial Variations in Focused Exhumation Along a Continental-Scale Strike-Slip Fault: the Denali Fault of the Eastern Alaska Range, Geosphere, v. 7; no. 2; p. 455-467; DOI: 10.1130/GES00589.1
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Range, possibly related to variations in geometry. During the Pliocene, a marked 
increase in climatic instability and related global cooling is temporally correlated 
with an increase in exhumation rates in the eastern Alaska Range north of Denali 
Fault system.
2.2 Introduction
Regions of focused, rapid (>0.5 mm/yr) exhumation are a common 
occurrence along major strike-slip fault systems such as the Alpine Fault in New 
Zealand, the Denali fault in Alaska and the San Andreas fault in California (e.g., 
Little et al., 2005; Fitzgerald et ah, 1995; Spotila et ah, 1998). However, the cause 
of rapid exhumation along these faults is often complex, with near-field (<20 km) 
boundary conditions and far-field plate tectonic driving mechanisms contributing to 
exhumation patterns (e.g., Buscher and Spotila, 2007). Unexpectedly, the amount 
of exhumation along a strike-slip fault is not always correlative with the degree of 
obliquity of the plate motion vector with respect to the fault trace or the 
composition of the juxtaposed rocks (e.g. Roeske et ah, 2007; Spotila et ah, 2007). 
Climate change (Whipple, 2009), structural irregularities such as stepovers (Hilley 
and Arrowsmith, 2008), variations in master fault dip (Dair and Cooke, 2009) and 
changes in plate motion (e.g., Fitzgerald et ah, 1995) all can play an important role 
in observed regional exhumation patterns. Given that many orogenic belts 
associated with strike-slip faults have heterogeneous exhumation patterns, there is a 
need for more case studies to examine how vertical motion is related to both near­
field boundary conditions and far-field driving mechanisms (Buscher and Spotila, 
2007).
The Denali Fault, an active continental-scale strike-slip fault, has an 
asymmetric topographic signature (the Alaska Range) making the region an ideal 
location to examine the contribution of local and regional structures on strain 
partitioning and the timing of exhumation adjacent to the Fault. We employ 
40Ar/39Ar, apatite fission track (AFT), and apatite (U-Th)/He (AHe) 
thermochronology to document cooling, and thus exhumation patterns along the 
Denali Fault system in the eastern Alaska Range. We find that during the Neogene, 
rapid exhumation in the eastern Alaska Range was initiated by the early Miocene 
(-22 Ma). A major contributing factor to rapid exhumation in the eastern Alaska 
Range during the Neogene is most likely the far-field effects of the continuing 
collision of the Yakutat microplate with southern Alaska (North American plate).
Our data show that exhumation is greatest in a narrow wedge (<10 km 
wide) proximal to the Denali Fault and is partitioned across and along strike in 
relation to possible changes in fault geometry. Rapid ongoing exhumation in the 
eastern Alaska Range was possibly enhanced in the Late Pliocene by the transition 
to more efficient glacial erosion with the onset of the Northern Hemisphere 
glaciation (-3 Ma; Lisiecki and Raymo, 2005) and increased erosional forcing due 
to climatic instability (Clift, 2010).
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2.3 Geological Background
2.3.1 Denali Fault
The Denali Fault system in central Alaska makes a broad arc through the 
extensively glaciated Alaska Range (Fig 2.1; St. Amand, 1957). It is a major 
intracontinental right-lateral strike-slip fault that is still active, as demonstrated by 
the 2002 M7.9 Denali Fault earthquake (Eberhart-Phillips et al., 2003). Neogene 
movement and deformation are driven by plate tectonic processes at the Alaska 
margin subduction zone 500 km to the south (e.g., Haeussler, 2008). Matmon et al. 
(2006) and Meriaux et al. (2009) date late Pleistocene moraines offset by the Denali 
Fault in the eastern Alaska Range and show that modem slip rates are higher to the 
east at ~12 mm/yr, decreasing to the west at ~7 mm/yr. This suggests that slip is 
partitioned between the Denali Fault and the Northern Foothills Thrust Belt and 
siphoned off the Denali fault system onto contractional structures south of the 
Denali fault (Figs. 2.1 and 2.2; Bemis and Wallace, 2007; Crone et al., 2004).
2.3.2 Uplift History of the Alaska Range
The -650 km long Alaska Range follows the curve of the Denali Fault 
system. Areas of high peak elevation (e.g., 6194 m in the central Alaska Range and 
4216 m in the eastern Alaska Range) are separated by broad regions of low 
topography (e.g., Broad Pass, -700 m, separating the central Alaska Range from 
the eastern Alaska Range). The majority of thermochronometric data from the 
Alaska Range are from the central Alaska Range (Plafker et al., 1992; Fitzgerald et
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al., 1993, 1995), including a 4 km vertical profile in the Mount McKinley region of 
the central Alaska Range (e.g., Fitzgerald et al., 1995), and from AFT work done in 
the western Alaska Range (Haeussler et al., 2008). These thermochronometric data 
sets indicate that the modern-day Alaska Range started to form ~6 Ma, although the 
western Alaska Range data set shows evidence of an earlier phase of rapid 
exhumation -23 Ma.
With the available low-temperature data, it is logical to view the Alaska 
Range as a singular orogenic feature which experienced a region-wide exhumation 
pulse at -6  Ma. However, in the western Alaska Range and central Alaska Range, 
all regions of high topography (e.g. Mt. McKinley) are south of the Denali Fault. 
This observation is in stark contrast to the eastern Alaska Range, where all of the 
high peaks are located north of the Denali Fault (Fig. 2.1). In addition, Ridgway et 
al. (2007), in an analysis of the Miocene Usibelli Group and Pliocene Nenana 
Gravel within the Tanana Basin, hypothesize development of significant 
topography in the eastern Alaska Range prior to the late Miocene. Thus, the spatial 
and temporal evolution of the Alaska Range may be more complex than the 
existing data suggest.
2.3.3 Physiography of the Eastern Alaska Range
Unlike the western and central Alaska Range, the high peaks of the eastern 
Alaska Range are sandwiched between the active McKinley strand of the Denali 
Fault and the presumed-to-be inactive Hines Creek strand (Wahrhaftig et al., 1975).
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High topography (>3000 m) is limited to a narrow region (<20 km) along the north 
side of the Denali Fault. There are numerous identified reverse and thrust faults in 
the greater eastern Alaska Range region with many located in the northern foothills 
fold and thrust belt to the north of the Hines Creek Fault (Bemis and Wallace, 
2007). Few active and inactive structures have been identified in the ice-covered 
high peak region of the eastern Alaska Range, with the exception of the Susitna 
Glacier thrust fault which was only recognized after it ruptured during the 2002 
M7.9 Denali earthquake (Fig. 2.2; Crone et al., 2004).
Plutons north and south of the Susitna Glacier have -70  Ma U-Pb 
emplacement ages (Aleinikoff et al., 2000). Nenana Mountain, Schist Creek and 
Panorama plutons are thought to have -38 Ma emplacement ages based on K-Ar 
dating of biotite and hornblende (Csejtey et al., 1992). Both sides of the Denali 
Fault in the high-peak region of the eastern Alaska Range experience the same 
climatic regime (precipitation o f -1500 to -2000 mm/yr; Manley and Daly, 2005).
2.4 Methods
2.4.1 Sampling and Analytical Techniques
We applied 40Ar/39Ar, AFT and AHe thermochronology to 30 bedrock 
samples along and across the strike of the eastern Alaska Range proximal to the 
Denali Fault system in order to better constrain the timing and patterns of 
exhumation. Sampling was focused along three transects north of the Denali Fault: 
Nenana Mountain transect (NM), Mount Deborah transect (MD), and Mount
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Balchen transect (MB) (Fig. 2.2). One transect was conducted south o f the Denali 
Fault in the Meteor Peak region (Fig. 2.3), which is the largest expanse of high 
topography south of the Denali Fault in the eastern Alaska Range.
Eighteen samples were analyzed using 40Ar/39Ar thermochronology on 
potassium feldspar (K-spar) using either a laser or a resistance furnace (data 
repository table 2R.1). Six of the furnace-run samples were then modeled using a 
multi-domain diffusion modeling (MDD) approach (e.g., Lovera et al., 2002) to 
determine thermal histories and an associated closure temperature for the minimum 
isochron age grouping (K-spar minimum closure age). Unaltered biotite (16), 
muscovite (2) and hornblende (1) (data repository table 2R.2), when present, were 
also analyzed using 40Ar/39Ar laser step heating to supplement the time-temperature 
cooling trajectories of rocks in the Alaska Range.
Eight new AFT (data repository table 2R.3) and three new AHe ages (data 
repository table 2R.4) are presented for the eastern Alaska Range. Further details of 
the 40Ar/39Ar, AFT, and AHe methods and closure temperatures are presented in 
the data repository text file and data repository table 2R.5.
2.4.2 The Geothermal Gradient and Closure Temperatures
Along the Denali Fault, maximum aftershock depths of ~11 km identify the 
brittle-ductile transition and suggest a regional geothermal gradient of -30  °C/km 
(Fisher et al., 2004), which we use to estimate the depth to closure temperature (Tc) 
for the various thermochronologic systems. Approximately 30 °C/km is the same
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standard regional geothermal gradient inferred by other thermochronology studies 
in Alaska (O’Sullivan and Currie, 1996; Haeussler et al., 2008; McAleer et al., 
2009). For the purpose of constraining first-order estimates on exhumation during 
the Neogene, we assume that the gradient remained spatially and temporally 
uniform. Thus, we assume the same depth to closure isotherms across the region. 
We acknowledge that for the low-temperature AFT and AHe data, due to their 
lower closure temperatures, and hence shallower depths o f closure, plus higher 
Pliocene-Quaternary exhumation rates, this assumption is a simplification and the 
resulting trends, an approximation. However, the majority of the data in this 
manuscript are from high-temperature thermochronometers with deep closure 
depths. These ages are less affected by high Quaternary exhumation rates and 
variation in isotherm depth related to surface topography (e.g., Braun et al., 2006). 
We first determine whether the higher temperature cooling ages are related to initial 
emplacement cooling or cooling related to exhumation before calculating depth of 
closure.
We use standard closure temperatures for 40Ar/39Ar dating of hornblende 
(550 °C), muscovite (Tc 400 °C) biotite (Tc 350 °C), K-spar (Tc 150 °C), and also 
for AFT (Tc 110°C) and AHe (Tc 65 °C) cooling ages (Harrison et al., 2009; 
Reiners and Ehlers, 2005; McDougall and Harrison, 1999). Precise spatial 
differences in exhumation rates and/or trends are not critical because the variations 
are large enough to be significant and are not artifacts of variations in geothermal
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gradients. We also do not give quantitative rates of cooling, but instead discuss 
overall trends in cooling rates to avoid over interpreting time-averaged 
thermochronological constraints. In addition, the dip of the Denali Fault at depth is 
poorly constrained (see discussion below), but we assume general subvertical rock 
trajectories based on available structural work done in the region (Sherwood and 
Craddock, 1979). These assumptions about temperature, and hence depth of 
closure, allow us to examine near-field exhumation trends and patterns during the 
Neogene in the eastern Alaska Range.
2.5 Results
Most hornblende, muscovite, and biotite analyses from samples on both 
sides of the Denali Fault show well-defined 40Ar/39Ar age plateaus with simple 
spectra with little or no argon loss (Figures 2R.1 to 2R.19, Table 2R.2 and Table 
2R.5 in data repository). This evidence of unaltered samples is demonstrated by the 
high concordance between integrated ages (whole gas) and plateau ages for the 
hornblende, muscovite, and biotite analyses (Fig. 2.4).
Along the Balchen transect, biotite cooling ages decrease southwards 
towards the Denali Fault from -33.3 Ma to -18.4 Ma (Fig. 2.2). Proximal Black 
Rapids, Mount Deborah and the far southeastern part of Nenana Mountain pluton 
have biotite cooling ages of -32 Ma to -18 Ma. The west part of the Nenana 
Mountain region, Schist Creek, and Panorama plutons have biotite ages o f -38  Ma.
19
The Mount Deborah sample, which is most distal from the Denali Fault, has a 
biotite age of -68 Ma.
K-spar minimum closure ages for Nenana Mountain, Mount Deborah, 
Mount Balchen, and the north side of the Black Rapids Glacier regions range from 
-18.6 Ma to -6 .0  Ma. K-spar minimum closure ages west of the Nenana Mountain 
region and also south of the Denali Fault (Figs. 2.2 and 2.3) are distinctly older 
(-28.6 to -30.8 Ma). K-spar MDD modeling of six samples from the region north 
of the Denali Fault indicates that K-spar minimum ages represent cooling through 
the ~150°C isotherm. We interpret MDD models as indicating a diffuse pattern for 
the initiation of rapid cooling.
Approaching the Denali Fault from the north, AFT ages generally decrease 
from -6.7  Ma to -1 .2  Ma with the youngest ages in the Nenana Mountain region. 
AHe ages north of the Denali Fault range from -4 .0  Ma to -1.5 Ma. Near the south 
side of the Denali Fault, we report an AFT age o f -15.5 Ma and one AHe age of 
-4.5 Ma (Figs. 2.2 and 2.3).
2.6 Discussion
2.6.1 Along-Strike Exhumation
A) North of the Denali Fault
Biotite ages of samples from the westernmost Nenana Mountain region 
have ages (-38.3 Ma to -36.2 Ma; Fig. 2.2) concordant with the emplacement age 
of the pluton (-38 Ma) indicating postemplacement rapid cooling and not
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exhumation related cooling. Schist Creek and Panorama plutons have biotite ages 
of -38 Ma and are interpreted as being related to initial melt emplacement cooling 
as well.
Biotite ages of -32  Ma to -18 Ma from intrusions on the north side of the 
Black Rapids glacier and eastern edge of the Nenana Mountain pluton are 
interpreted as exhumation related cooling ages based on the respective 
emplacement ages of the plutons (-70 Ma; -38  Ma). Because the emplacement age 
of the Balchen intrusion is -70  Ma (Aleinikoff et al., 2000), the trend of younger 
biotite ages (-33.3 Ma to -18.4 Ma) towards the Denali Fault demonstrates that the 
biotite ages are cooling ages related to exhumation, with exhumation increasing 
toward the Fault (Fig. 2.2). The Mount Deborah pluton, like the Balchen pluton, is 
assumed to have an -70  Ma emplacement age based on the upper sample having a 
biotite age o f -68.4 Ma (Fig. 2.2). The Mount Deborah samples (proximal to the 
Denali Fault) have biotite cooling ages that are related to exhumation (-32 Ma to 
-28 Ma).
The K-spar minimum ages (-30 Ma), the flat shape of the K-spar 40Ar/39Ar 
age spectra and biotite 40Ar/39Ar ages (-38 Ma) for the Panorama and Schist Creek 
plutons imply rapid post-emplacement cooling for both plutons through the 
minimum closure temperature for K-spar (Figs. 2.5 and 2.6). The downward- 
stepping K-spar 40Ar/39Ar age spectra and MDD modeling of furnace runs of 
samples from Nenana Mountain, Mount Deborah, Mount Balchen transects and the
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Black Rapids Glacier regions north o f the Denali Fault confirm that the minimum 
closure ages indicate rapid cooling due to exhumation through -150 °C (Figs. 2.5,
2.7 and 2.8).
The MDD K-spar thermal models from north of the Denali Fault show 
relatively diverse cooling histories with rapid cooling occurring in individual 
samples between -22 Ma and -6  Ma (Fig. 2.8). These north side thermal models 
suggest heterogeneous exhumation along and across the strike of the Denali Fault. 
AFT ages range from -6.7  Ma (Mount Balchen) to -1.2 Ma (Nenana Mountain 
region) and AHe ages range from -4  Ma to -1.5 Ma (Mount Balchen). Combined 
with the biotite and K-spar data, the AFT and AHe ages indicate that Neogene 
rapid exhumation has been a long term (-22 Ma to present) phenomenon along the 
north side of the Denali Fault in the eastern Alaska Range.
B) South of the Denali Fault 
In contrast to samples north of the fault, orthogneiss samples south of the Denali 
Fault have flat -30  Ma K-spar age spectra that are concordant with 40Ar/39Ar 
hornblende, muscovite, and biotite ages (-35 Ma to -31 Ma) from the same 
samples (Figs. 2.5 and 2.9). We interpret this rapid cooling event as a short-lived 
metamorphic event because the samples have a penetrative fabric and concordant 
40Ar/39Ar cooling ages, which is in general agreement with past interpretations for 
the region (e.g. Nokleberg et al., 1992). Proximal to the Denali Fault, -15.5 Ma 
AFT and -4.5 Ma AHe ages on the south side of the Fault are older than AFT -1.2
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Ma AFT and ~1.5 Ma AHe ages on the north side of the Fault. These low- 
temperature data combined with the aforementioned 40Ar/39Ar thermochronology 
results indicate different exhumation histories for the north and south sides of the 
Denali Fault.
2.6.2 Across-Strike Influence of the Denali Fault
The trend of cooling ages decreasing towards the Denali Fault from the 
north is directly correlated with both elevation (Fig. 2.10A) and distance from the 
Fault (Fig. 2.1 OB) for all four thermochronometric systems. This relationship 
indicates that exhumation just north of the Denali Fault in the eastern Alaska Range 
has been focused there and persisted for at least the last -20  Ma. Although cooling 
age is correlated with both elevation and distance from the Denali Fault, distance 
from the fault is more significant. A good example of this relationship is seen in the 
Mount Balchen transect K-spar minimum cooling age data where proximity to the 
Denali Fault has a stronger effect on cooling age than elevation (Fig. 2.10).
Thermochronometric data from the south side of the Denali Fault show no 
strong elevation or distance-from-fault trends. Muscovite, biotite, and K-spar 
minimum cooling ages are all concordant and suggest very rapid cooling at -30  Ma 
throughout the area (Figs. 2.2 and 2.3). No graphical representation is presented 
because the cooling ages would simply overlap -  biotite ages are all -31 Ma, K- 
spar minimum ages are all -29  Ma.
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2.6.3 Overall Depth of Exhumation Patterns in the Eastern Alaska Range
In the eastern Alaska Range, the depth of Neogene exhumation varies 
dramatically across and along the Denali Fault, allowing for general contouring of 
Neogene minimum or maximum exhumation depths (Fig. 2.11). The difference in 
cooling ages across the Denali Fault defines a narrow (less than -10km) wedge of 
deep Neogene exhumation in the eastern Alaska Range. It is also clear that the 
region south of the Denali Fault in the eastern Alaska Range experienced less total 
exhumation during the Neogene than the region immediately north of the fault.
Samples south of the Denali Fault have only been exhumed through the 
AFT closure system during the Neogene and experienced less than ~5 km of 
exhumation since -28  Ma based on the assumed geothermal gradient of -30  
°C/km, the assumed Tc o f -150 °C for K-spar and the concordant muscovite, 
biotite and K-spar ages in the region. To the west, Panorama and Schist Creek 
plutons experienced less than -5  km of exhumation based on concordance of the 
40Ar/39Ar biotite and 40Ar/39Ar K-spar systems. Because 40Ar/39Ar biotite ages (Tc 
-350 °C) from samples north of the Denali Fault between the Black Rapids Glacier 
and the southeast end of the Nenana Mountain pluton are exhumation-related 
closure ages, this region experienced sufficient unroofing to exhume rocks that 
have passed through the -350 °C isotherm. Therefore, the region has undergone a 
minimum of -11 km of exhumation. The region around the epicenter of the 23 
October 2002 M6.7 Nenana Mountain earthquake has experienced at least -5  km
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of exhumation. This conclusion assumes that the K-spar minimum ages are 
exhumation related closure ages, but the 40Ar/39Ar biotite ages of these samples are 
concordant with the emplacement age of the pluton. This relationship limits the 
possible depth of exhumation for these samples to a maximum of ~11 km. The 
Nenana Mountain region is located at the western end of the high topography in the 
eastern Alaska Range, where we found the youngest AFT age (1.2 Ma) and where 
young cooling ages transition to older cooling ages farther to the west (Fig. 2.2).
Modem earthquake behavior also varies along strike. The Oct 23 2002 
M6.7 Nenana Mountain earthquake had a westward propagating rupture (Lu et al., 
2003). However, the 2002 M7.9 Denali Fault earthquake had an eastward 
propagating surface rupture (Eberhart-Phillips et. al., 2003) implying a possible 
change in fault behavior from east to west (Ratchkovski et al., 2004) in the Nenana 
Mountain region. This is the same region where we see young AFT cooling ages in 
samples that have not been exhumed deeply enough to have exhumation related 
biotite closure ages (Figs. 2.2 and 2.11), suggesting a possible Pleistocene increase 
in exhumation rates in the area.
2.6.4 Role of Denali Fault Dip in Driving Exhumation
Strike-slip faults by definition involve predominately lateral slip along a 
vertical to high-angle fault plane (e.g. Sylvester, 1988). Asymmetric basin 
development as seen in the North Anatolian Fault (Cormier et al., 2006) and 
variations in uplift rates along the San Andreas Fault (Dair and Cooke, 2009) have
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recently been explained through models involving nonvertical fault planes. 
Variations in fault dip (both along strike and at depth) have been thoroughly 
documented for the Alpine Fault of New Zealand (e.g. Little et al., 2005) and may 
be applicable to many strike-slip fault systems.
The dip of the Denali Fault is near vertical along the Delta River corridor 
where the topography is low (Fisher et al., 2004). The measured surface dip of the 
Denali Fault is about 80° N in the region between the Balchen and Deborah 
transects (Haeussler et al., 2004), but it is not well constrained beneath the glaciers 
or at depth. If the dip of the Denali Fault plane (Fig. 2.12) varies along strike (east 
to west) from north dipping in parts of the eastern Alaska Range (Fig. 2.12C), to 
near-vertical (Fig. 2.12B) in areas of low elevation like Broad Pass, to south 
dipping in the central Alaska Range (Fig. 2.12A) then the change in fault geometry 
may partially or fully explain the variations in along- and across-strike variations in 
topography.
An alternative explanation for the high topography and/or deep exhumation 
north of the Denali Fault in the eastern Alaska Range is the fact that there may be 
unmapped, ice-covered structures splaying off the eastern Denali Fault system that 
are the results of partitioned strain. The along-strike (west to east) change from 
deep exhumation to shallow exhumation west of the Nenana Mountain transect 
occurs along a section of the Denali Fault that is straight. This relationship
26
indicates that variations in obliquity of convergence probably are not driving 
exhumation patterns in the eastern Alaska Range.
2.6.5 Climate and Exhumation Rate Trends in the Eastern Alaska Range
Increase in exhumation rates have been shown to correlate with climate 
change in tectonically active regions of Alaska (e.g., Berger et al., 2008a; McAleer 
et al., 2009) and in a variety of orogens globally (Clift, 2010). Our data show a 
temporal correlation with Late Neogene climatic fluctuations; however, distribution 
is not sufficient to fully evaluate the role of climate on Alaska Range orogenesis.
i oWhen we compare the global 8 O compilation (Zachos et al. 2001) with plots of 
closure temperature vs. age for different thermochronometers from the eastern 
Alaska Range, we see a temporal link between an increase in bedrock cooling rates 
on the north side of the Denali Fault (based on the kink in slope at ~3 Ma) and the 
onset of Northern Hemisphere glaciation (Fig. 2.13; Lisiecki and Raymo, 2005; 
Zachos et al., 2001). Exhumation data from the south side of the Denali Fault 
indicate a similar pattern, but at lower resolution and with slower cooling and less 
rapid exhumation rates. This temporal correlation by no means proves that climate 
is forcing exhumation. However, the similarity in timing between climate change 
and exhumation in the eastern Alaska Range, combined with the vast number of 
other orogens showing similar linkages (Clift, 2010), suggests that climate may 
play a role in driving exhumation in the Alaskan interior.
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A possible mechanism for a climate related exhumation rate increase at ~3 
Ma is the addition of glaciers in the Alaska Range (i.e., more efficient erosion 
processes [Hallet et al., 1996; Westgate et al., 1990]). It has been shown that 
glaciers and climatic instability in a tectonically active region have a greater effect 
on denudation processes than simple isostatic response to tectonic forces in a quasi­
stable climate setting (Clift, 2010; Berger et al., 2008a; Berger et al., 2008b;
Molnar and England, 1990). It has also been shown that periods of climatic 
instability when glaciers advance and retreat enhance erosion by allowing the 
erosive power of glaciers and the mass transport capabilities of fluvial systems to 
work in tandem (Owen et al., 2008; Shuster et al., 2005; Zhang et al., 2001). The 
Alaska Range has a documented Pleistocene glacial history of numerous advance 
and retreat cycles (e.g. Briner and Kaufman, 2008).
In addition, a large percentage of the glaciers along the Denali Fault System 
are rare surge-type glaciers (Echelmeyer et al., 1987; Post, 1969; St. Amand, 1957). 
Surge-type glaciers experience surge events, involving large increases in velocity
9 Iand advancement at a fairly consistent recurrence interval of 10 to 10 years 
(Woodward et al., 2002; Raymond, 1987; Kamb et al., 1985), and present a unique 
case of glacier retreat and advance. Surge events are accompanied by an 
exponential increase in erosion relative to steady-state surge quiescence (Humphrey 
and Raymond, 1994; Smith, 1990). We feel it is important to point out that the 
subarctic eastern Alaska Range has modem glaciers with known high basal
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velocities (Thomson et al., 2010). Thomson et al. (2010) demonstrate that low- 
velocity glacial cover can actually limit erosion rates. We make no claims on how 
long there have been surge-type glaciers along the Denali Fault, but it is clear that 
high-velocity surge-type glaciers are spatially correlated to the Denali Fault System 
and not simply a product of the region’s current climatic regime (Manley and Daly, 
2005; Raymond, 1987; Post, 1969). Based on our thermochronological analysis 
(Fig. 2.13) the Denali Fault System may have experienced climate-induced 
Pliocene exhumation rate increases. Thus we postulate that the combination of 
lateral fault strain accumulation with highly efficient episodic surge-type and 
nonsurge glacial erosion contribute to high exhumation rates adjacent to the 
Denali Fault during the late Cenozoic.
2.6.6 Driving Mechanisms of Neogene Exhumation in the Eastern Alaska 
Range
These new thermochronology data offer a long record of exhumation from 
the eastern Alaska Range. The first sign of rapid Neogene exhumation begins -22  
Ma and is consistent with early exhumation events in the western Alaska Range 
(-23 Ma; Haeussler et al., 2008). Our interpretation of the thermochronological 
data is consistent with the stratigraphic record of the Tanana basin, where Ridgway 
et al. (2007) reconstruct a transpressional foreland-basin system related to regional 
shortening o f the Alaska Range, associated with strike-slip displacement along the 
Denali Fault system. We also see the continuance of rapid exhumation from -22
29
Ma to the present. The absence of a region-wide exhumation rate change in the 
eastern Alaska Range at -6  Ma is curious considering the strong evidence that the 
central Alaska Range (Mount McKinley region) and the western Alaska Range 
experienced a change in exhumation rate at ~6 Ma (Haeussler et al., 2008; 
Fitzgerald, et al., 1995). The central Alaska Range and western Alaska Range are 
located at the interface between the rotating southern Alaska block and the rotating 
Bering block (Cross and Freymueller, 2008; Fig. 2.1). The interactions between 
these tectonic entities likely have contributed to the complex patterns of 
exhumation occurring along the Alaska Range. More thermochronometric data 
with better spatial coverage across the entire Alaska Range will help constrain the 
near-field boundary conditions along the western Denali Fault and test whether 
there are spatially and temporally complex exhumation patterns resulting from the 
interactions among these (micro) plates.
Our exhumation data from the Alaska Range correlate well with the initial 
timing of rapid Neogene exhumation in the eastern Chugach-St Elias Mountains at 
~ 20 Ma based on an AFT vertical profile on Mount Logan (-18 Ma; O ’Sullivan 
and Currie, 1996) and a detrital zircon fission track study on glacial outwash sands 
(Enkelmann et al., 2008, -20  Ma). Additionally, the still active Wrangell volcanic 
field first developed -23 Ma (Richter et al., 1990), suggesting that the early 
Miocene was an important time in the tectonic development of southern margin of 
Alaska.
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The overall Neogene tectonic history of Alaska is not well constrained, but 
there is growing evidence from thermochronologic studies of exhumation events 
initiated at ~23 Ma, -22 Ma, -20  Ma, -16  Ma, -11 Ma, -6  Ma, 4 Ma and -1 Ma 
(Spotila and Berger, 2010; Berger et al., 2008a; Berger et al., 2008b; Haeussler et 
al., 2008; Enklemann et al., 2008; O’Sullivan and Currie, 1996; Fitzgerald et al., 
1995; this study). In addition, strata in regional basins suggest that pulses of 
enhanced exhumation occurred from the Miocene to present (Finzel et al., 2009; 
Haeussler et al. 2008; Ridgway et al., 2007; Lagoe et al., 1993). Though Alaska 
exhumation events since -5  Ma have been correlated with climatic drivers by some 
researchers (e.g., Enkelmann et al., 2009, Berger et al. 2008a; Berger et al., 2008b), 
there is a general consensus that tectonic drivers have also been continual since the 
middle Miocene (e.g., Spotila and Berger 2010).
The -22  Ma initiation of rapid exhumation in the eastern Alaska Range is 
roughly correlative with the arrival of the Yakutat microplate into the southern 
Alaska subduction zone (Plafker et al., 1994). The Yakutat microplate is thought to 
consist primarily of mafic oceanic plateau rocks (Plafker, 1987) between 15 and 35 
km thick (Christeson et al., 2010; Eberhart-Phillips et al., 2006; Ferris et al., 2003). 
Although the timing of the arrival of the Yakutat microplate and the change from 
normal subduction to flat slab subduction and/or collision is poorly constrained, the 
longevity (-22 Ma to present) of rapid exhumation in the eastern Alaska Range and 
across south-central Alaska suggests that long term exhumation in the eastern
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Alaska Range is recording the timing of “collision” and the effects of continuing 
collision. This interpretation does not discount the influence of block rotation 
(Haeussler et al., 2008) or climatic influences on exhumation history (Berger et al., 
2008a; Berger et al., 2008b). That said, both rotation of the Southern Alaska Block 
and Quaternary tectonic/climate coupling are ultimately driven by tectonic 
processes at Alaska’s southern margin subduction zone.
2.7 Conclusions
We applied 40Ar/39Ar (hornblende, muscovite, biotite, and K-spar), AFT, 
and AHe thermochronology to examine the asymmetric topographic signature of 
the Denali Fault in the eastern Alaska Range. We identified spatial variations in the 
amount of exhumation along and across strike and temporal variations in the focus 
of exhumation. Rapid exhumation has been occurring since -22  Ma, with a zone of 
focused deep exhumation along, and on the north side of the Denali Fault. The 
youngest AFT ages (~1 Ma) were identified in the Nenana Mountain region where 
total Neogene exhumation is less than elsewhere in the region. We postulate that a 
segment of the Denali Fault has a north-dipping fault plane and the asperity is fixed 
onto the south side of the Denali Fault with the deforming edge currently in the 
Nenana Mountain region.
An exhumation rate increase in the Pliocene and Quaternary may be related 
to climate change. Coeval changes in exhumation and climate are most clearly 
expressed on the north side of the Denali Fault, whereas the south side of the
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Denali Fault indicates a more suppressed Pliocene-Quaternary increase in 
exhumation. This apparent Pliocene-Quaternary exhumation gradient across the 
Fault could be due to a lack of data on the south side or weaker tectonic forcing. 
Although we discussed a unique glacial-tectonic exhumation feedback loop for ice 
covered strike-slip faults, more information is needed to conclusively link increases 
in Pliocene-Quaternary exhumation rates to climate in the Alaska Range.
The longevity of rapid exhumation in the eastern Alaska Range demands a 
long-term driving mechanism. We suggest that by at least -22  Ma, the Yakutat 
microplate was not undergoing standard subduction, but instead either flat slab 
subduction or collision had initiated and continues today.
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2. 9 Figures
Mount McKinley
Figure 2.1: Tectonic map of southern Alaska. Modified from Haeussler et al.(2000), showing major faults, tectonic plates, and tectonic blocks. Decreasing westward Pleistocene Denali Fault slip rates are from Matmon et al. (2006) and Meriaux et al. (2009). Yakutat- North America plate motion (solid arrow on Yakutat Microplate) is from Elliott (2010). The open arrows on the Southern Alaska Block show the inferred movement of the Southern Alaska block with respect to North America. The western boundary of the southern Alaska block is poorly defined. The grey dashed line denotes the modem day location of the subducted Yakutat slab beneath the continental margin (after Eberhart-Phillips et al., 2006).A detailed digital elevation model of the Alaska Range flooded to 1000 m elevation is used to emphasize higher topography. Most of the western and central Alaska Range are south of the Denali Fault. The eastern Alaska Range is mostly north of the Denali Fault. The rectangle delineates the study area in the eastern Alaska Range along the Denali Fault shown in Figure 2.2. WAR, western Alaska Range; CAR, central Alaska Range; EAR, eastern Alaska Range; DF, Denali Fault; NR, Nenana River; DR, Delta River.
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Figure 2.2: Colored digital elevation map of the eastern Alaska Range, showing sample locations and major faults. Sample labels show apatite helium (AHe), apatite fission track (AFT), K-spar minimum (K-spar) and biotite closure ages in descending order. Two hyphens (—) indicate no data. Italics refer to previous K-Ar work from Csejtey et al. (1992) or Nokleberg et al. (1992). The red cross shows the epicenter of the 2 November 2002 M7.9 Denali Fault earthquake; the yellow cross shows the epicenter of the 23 October 2002 M6.7 Nenana Mountain earthquake. NFTB, Northern Foothills Thrust Belt; HCF, Hines Creek Fault; SGTF, Susitna Glacier Thrust Fault; DF, Denali Fault; PP, Panorama Peak; SC, Schist Creek Pluton; NM, Nenana Mountain Transect; MD, Mount Deborah Transect; MB, Mount Balchen Transect; BRG, Black Rapids Glacier; MET, Meteor Peak Region. The rectangle delineates the study area in the eastern Alaska Range along the Denali Fault shown in Figure 2.3.
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Figure 2.3: Colored digital elevation map of the eastern Alaska Range showing sample locations south of the Denali Fault. Sample labels show apatite helium (AHe), apatite fission track (AFT), K-spar minimum (K-spar), biotite, muscovite, and hornblende closure ages in descending order. Two hyphens (—) refer to no data. BRG, Black Rapids Glacier; Meteor, Meteor Peak Region.
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Figure 2.4: Integrated age versus plateau age for the entire 40Ar/39Ar hornblende, muscovite and biotite data set. The similarity between the two age determinations demonstrates little or no argon loss for the sample analyses.
Figure 2.5: Colored digital elevation map of the eastern Alaska Range showing major faults and sample locations for those in figures 2.6, 2.7, 2.8, and 2.9. The red cross shows the epicenter of the 2 November 2002 M7.9 Denali Fault earthquake; the yellow cross indicates the epicenter of the 23 October 2002 M6.7 Nenana Mountain earthquake. NFTB, Northern Foothills Thrust Belt; HCF: Hines Creek Fault; SGTF; Susitna Glacier Thrust Fault (shown in blue); Denali F au lt: Denali Fault; PP Panorama Peak; SC: Schist Creek Pluton; BRG: Black Rapids Glacier.
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Figure 2.6: 40Ar/39Ar age spectra for K-spar from sample 01PAN from Mount Panorama and sample 332AST from Schist Creek Pluton. The general flat shape of the age spectra implies rapid postemplacement cooling. Sample locations are shown on figure 2.5.
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Figure 2.7: 40Ar/39Ar age spectra for K-spar from sample 22DEB from the Mount Deborah transect. The downstepping nature of the release indicates a prolonged and complicated thermal history. Sample location is shown on Figure 2.5. See data repository figures 2R.22 to 2R.31 for other samples.
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Figure 2.8: Monotonic multiple diffusion domain (MDD) thermal models for K- spar from samples 26BAL, 03 RAP, 03 BAL, 18BAL, 22DEB, and 32NEN. The MDD magenta band is the 90% confidence interval of the mean and the purple band is the 90% confidence of the distribution. Sample locations are shown on Figure 2.5.
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Figure 2.9: 40Ar/39Ar age spectra for K-spar for samples 311AST and 45RAP from south of the Denali Fault. The flat-shape of the age spectra implies rapid cooling, which we interpret as a short-lived metamorphic event based on rock fabric. Sample locations are shown on Figure 2.5.
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Figure 2.10: Exhumation cooling ages versus (A) distance from the Denali Fault and (B) elevation above sea level for all samples from the three transects shown in figure 2.2. The Denali Fault is interpreted as lying in the center of each glacier in the study area. Fines show best linear fit to data points of same thermochronology method. Correlation coefficient is shown next to the best-fit lines. Because there were only two AHe samples from near Mount Balchen, these AHe ages are shown without a trend line. Although cooling age in all systems correlates with both elevation and distance from the Denali Fault, distance from the fault is more significant. A good example of this relationship is seen in the Mount Balchen transect K-spar minimum age data, where proximity to the Denali Fault has a stronger effect on cooling age than elevation.
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Figure 2.11: Regions (contours) of varying exhumation depth along the Denali Fault based on the current set of high temperature hornblende, muscovite, biotite, and K-spar minimum closure ages. The red cross shows the epicenter of the 2 November 2002 M7.9 Denali Fault earthquake; the yellow cross indicates the epicenter of the 23 October 2002 M6.7 Nenana Mountain earthquake. NFTB: Northern Foothills Thrust Belt; F1CF: Hines Creek Fault; SGTF; Susitna Glacier Thrust Fault Denali Fault: Denali Fault; BRG: Black Rapids Glacier region; NM: Nenana Mountain region; Panorama: Panorama and Schist Creek plutons. The current locus of rapid exhumation is inferred to be near the epicenter (yellow cross) of the 23 October 2002 M6.7 Nenana Mountain earthquake and related to the edge of a segment of north-dipping fault plane.
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Figure 2.12: Schematic model of variations in the dip of the Denali Fault plane at depth that may contribute to asymmetric topographic development along the Denali Fault. View is along the fault plane looking westward. Note, the Denali fault in the central Alaska Range may dip south (A), the broad pass region may be vertical (B), and the Denali fault in the eastern Alaska Range may dip to the north (C) resulting in asymmetric topographic develop
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Figure 2.13: Time-averaged temperature paths for individual samples from north (A) and south (B) of the Denali Fault, based on multiple thermochronometers. Data include hornblende (550 °C; off graph), muscovite (Tc 400 °C; Mu) biotite (Tc 350 °C; Bi), K-spar (Tc 150 °C), AFT (Tc 110°C), and AHE (Tc 65 °C) ages (Reiners and Ehlers, 2005). Samples with multiple cooling ages are shown. All samples are within ~10 km of the Denali Fault. Cooling paths are assumed to be linear in between data points. 5180  is modified from Zachos et al. (2001) and used as a proxy for world temperature trends. Samples north of the Denali Fault show a marked increase in cooling rate at ~3 Ma. Limited data from samples south of the Denali Fault show a marked increase in cooling rate at ~ 4-5 Ma.
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2.11 Repository Material
2.11.1 Summary of the 40Ar/39Ar Analysis
For 40Ar/39Ar analysis, samples were submitted to the Geochronology 
laboratory at UAF where they were crushed, sieved, washed and hand-picked for 
mineral phases. The monitor mineral MMhb-1 (Samson and Alexander, 1987) with 
an age of 513.9 Ma (Lanphere and Dalrymple, 2000) was used to monitor neutron 
flux (and calculate the irradiation parameter, J). The samples and standards were 
wrapped in aluminum foil and loaded into aluminum cans of 2.5 cm diameter and 6  
cm height. The samples were irradiated in position 5c of the uranium enriched 
research reactor of McMaster University in Hamilton, Ontario, Canada for 30 
megawatt-hours. Upon their return from the reactor, the samples and monitors were 
loaded into 2  mm diameter holes in a copper tray that was then loaded in an ultra- 
high vacuum extraction line. The monitors were fused, and samples heated, using a 
6 -watt argon-ion laser following the technique described in York et al. (1981), 
Layer et al. (1987) and Layer (2000).
Bulk furnace-run samples were loaded in aluminum packets and step-heated 
in a Modifications Ltd. low-blank furnace connected on-line to the mass 
spectrometer. Temperature is calibrated by means of a thermocouple and a 
maximum temperature in excess of 1,600°C is achievable. Duplicated isothermal 
step-heating schedules were conducted on K-feldspar in order to retrieve diffusion
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characteristics, to apply diffusion models, and to calculate model thermal histories 
(Harrison et al., 1994; e.g. Lovera et al., 1993).
Argon purification was achieved using a liquid nitrogen cold trap and a 
SAES Zr-Al getter at 400C. The samples were analyzed in a VG-3600 mass 
spectrometer at the Geophysical Institute, University of Alaska Fairbanks. The 
argon isotopes measured were corrected for system blank and mass discrimination, 
as well as calcium, potassium and chlorine interference reactions following 
procedures outlined in McDougall and Harrision (1999). System blanks generally 
were 2x10" '6 m o l40Ar and 2x10" '8 mol 36Ar which are 10 to 50 times smaller than 
fraction volumes. Mass discrimination was monitored by running both calibrated 
air shots and a zero-age glass sample. These measurements were made on a weekly 
to monthly basis to check for changes in mass discrimination.
A summary of all the 40Ar/39Ar results is given in repository Table 2R.1, 
2R.2, and 2R.5 with all ages quoted to the +/- 1 sigma level and calculated using 
the constants of Steiger and Jaeger (1977). The integrated age is the age given by 
the total gas measured and is equivalent to a potassium-argon (K-Ar) age. The 
spectrum provides a true plateau age if  three or more consecutive gas fractions 
represent at least 50% of the total gas release and are within two standard 
deviations of each other (Mean Square Weighted Deviation less than -2.1).
Isochron ages are obtained on an inverse isochron diagram of 36Ar/40Ar 
versus 39Ar/40Ar (Roddick, 1978; Roddick et al., 1980), which often allows
56
homogeneous excess components to be identified. Errors on age and intercept age 
include individual errors on each point and linear regression by York’s (1969) 
method. The goodness of fit relative to individual errors is measured by mean 
square weighted deviation (MSWD).
2.11.2 Minimum K-Spar Ages
K-spar data is shown in table 2R. 1. For most K-feldspars, plateau ages cannot be 
defined, but since we wish to compare and discuss a series of steps with similar 
ages we use minimum age isochron populations. This is similar to the minima 
potassium feldspar ages used in bulk analysis by Copeland and Harrison (1990) 
using minimum age spectra steps. A similar isochron approach was also used to 
examine deformation along the Karakorum Fault (Valli et al., 2007). We use the 
more robust isochron minimum population age, but show the pseudo simple-mean 
minimum age plateau for comparison. In summary, the youngest isochron age 
grouping derived from either single grain K-spar laser runs (3) or bulk furnace runs 
( 1 0 ) were considered to be the age of closure for the smallest domain (e.g. 
McDougall and Harrison, 1999; Valli et al., 2007).
2.11.3 MDD Models
MDD data is shown in figures 2R.38 to 2R.43. MDD thermochronology has 
proven a useful tool to examine orogenic development because of the wide closure 
temperature window (-350 °C to -150 °C) of the system (McDougall and Harrison, 
1999). K-spar MDD thermochronology is also useful due to the deep depth for
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closure (~5 km) of the system, minimizing the affect of topography influencing the 
temperature field of the upper crust (Ehlers, 2005).
MDD thermal models were created using software developed by Lovera et 
al. (1993). Low temperature steps were adjusted to account for the likely presence 
of fluid-inclusion hosted excess Ar leading to older apparent ages. In many cases, 
the first step of an isothermal duplicate yielded a significantly older age than the 
second step. Although this pattern is consistent with the presence of fluid-inclusion 
hosted excess Ar (Harrison et al., 1994)., corrections using the equations from 
Harrison et al. (1994) did not yield usable results as was the case for Sanders et al., 
(2006). We used the isothermal correction technique outlined in Sanders et al. 
(2006), whereas they took the average age of the step before and the step after an 
apparent old age as an estimate of the excess Ar correction. See, GSA Data 
Repository item 2006190 (Sanders et al., 2006) for a detailed and extensive 
discussion on MDD modeling.
2.11.4 Fission-track Analyses
Apatite fission-track (AFT) data are shown in 2.R3. All the fission-track ages 
were measured with external detector method in Armstrong’s fission track lab at 
Cal State Fullerton. Apatite grains were mounted in epoxy and ground/polished to 
reveal internal parts of the grains. Apatite grain mounts were etched in 5 M HNO3 
for 20 s at 21 °C. Grain mounts were affixed with low-uranium muscovite micas 
and irradiated at the TRIGA reactor facility at Oregon State University. After
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irradiation, track densities were measured at 1250x and track length and Dpar 
measured at 2000x. See Table 2R.3 for additional measurement parameters.
Between 18 and 40 grains were measured per sample. P(x ) is > 23% in all 
samples indicating that the individual grain ages show little age dispersion. Track 
lengths were difficult to find in these young samples, thus the length data may be 
statistically insignificant for most of the samples. Nonetheless, track lengths are 
-12  -  14 pm. Dpar was measured on each age-dated grain. The average sample 
Dpar varies from 1.36 to 2.02 pm with the largest Dpar measured on the oldest 
AFT age sample. The highest Dpar value is on for the sample (05PH003A) with 
the largest AFT age indicating that the apatites in this sample may be more resistant 
to annealing and hence give a higher age. However, the Dpar difference between 
the samples (1.36 -  2.02 pm) is great enough to account for only a very small part 
of the 3- to 5-fold age difference between the samples.
2.11.5 Apatite (U-Th)/He and Fission-track Age Data 
Methods and results
The apatites for this study were separated using standard mineral separation 
techniques including crushing, sieving, water table, magnetic separator, and heavy 
liquids.
(U-Th)/He analyses: AHe data is shown in Tabe A4. Euhedral, inclusion-free 
apatite crystals were hand-picked in alcohol under cross-polars at 1 lOx. Grain 
dimensions were measured for a-emission correction (Farley et al., 1996) and each
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grain was individually loaded into Pt tube for He extraction. Samples were 
outgassed under a laser at 1100°C. After spiking with 3He, the 4He/3He ratio was 
measured on a quadrapole mass spectometer. Grains were then dissolved in nitric 
acid and analyzed for Th, U, and Sm isotope ratios by ICPMS. All analytical work 
was completed at in Ken Farley’s lab at Caltech.
Analytical uncertainties on individual (U-Th)/He age is -2% . However, the 
actual age uncertainty based on replicate analyses of individual grains from same 
samples is higher. In three of the samples, three individual grain ages were 
determined per sample (Table 2R.4); in these replicate samples, the average 
standard error is about 12% of the mean (at 1 sigma). In the sample with only one 
grain age (PH-06A), the mean uncertainty of 12% is used.
AHe/AFT closure temperatures
The AHe ages represent the time since the samples cooled through a closure 
temperature of 60-70 °C (Farley, 2000). The AFT ages represent the time since the 
samples cooled through a closure temperatures of about 100 -  120 °C (e.g., 
Ketcham et al., 1999) for typical apatites and monotonic cooling at rates typical of 
active mountain belts (Reiners and Brandon, 2006).
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2.12 Repository Figures
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Figure 2R.1: 40Ar/39Ar age spectra, K/Ca ratios and Cl/K ratios for sample 01 PANbiotite analyses.
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Figure 2R.2: 40Ar/39Ar age spectra, K/Ca ratios and Cl/K ratios for sample 04NENbiotite analyses.
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Figure 2R.3: 40Ar/39Ar age spectra, K/Ca ratios and Cl/K ratios for sample 37NENbiotite analyses.
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Figure 2R.4: 40Ar/39Ar age spectra, K/Ca ratios and Cl/K ratios for sample 32NENbiotite analyses.
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Figure 2R.5: 40Ar/39Ar age spectra, K/Ca ratios and Cl/K ratios for sample 02DEBbiotite analyses.
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Figure 2R.6: 40Ar/39Ar age spectra, K/Ca ratios and Cl/K ratios for sample 24DEBbiotite analyses.
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Figure 2R.7: 40Ar/39Ar age spectra, K/Ca ratios and Cl/K ratios for sample 07DEBbiotite analyses.
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Figure 2R.8: 40Ar/39Ar age spectra, K/Ca ratios and Cl/K ratios for sample 03BALbiotite analyses.
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Figure 2R.9: 40Ar/39Ar age spectra, K/Ca ratios and Cl/K ratios for sample 18BALbiotite analyses.
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Figure 2R.10: 40Ar/39Ar age spectra, K/Ca ratios and Cl/K ratios for sample 19BALbiotite analyses.
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Figure 2R.11: 40Ar/39Ar age spectra, K/Ca ratios and Cl/K ratios for sample 30RAPbiotite analyses.
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Figure 2R.12:40Ar/39Ar age spectra, K/Ca ratios and Cl/K ratios for sample 03RAPbiotite analyses.
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Figure 2R .13:40Ar/39Ar age spectra, K/Ca ratios and Cl/K ratios for sample 45RAPbiotite analyses.
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Figure 2R.14:40Ar/39Ar age spectra, K/Ca ratios and Cl/K ratios for sample311 AST biotite analyses.
Ag
e 
in 
M
a
74
0 5 R A P  B I# L 1  A g e  S p e c tr u m
In tegrated A g e=  31 8  0  1 M a
P la teau  A ge=  31 9 + /- 0 1 M a  
N um ber of fractions= 7 
%  of ^'Ar re leased^  98  7%  
P lateau  M S W D =  0 50
0 2  0 4  0 6  0 8
F ra c tio n  o f 3 9 A r  R e le a s e d
0 5 R A P  B I#L1  C a /K
F ra c tio n  o f 3 9 A r  R e le a s e d
0 5 R A P  B I# L 1  C l/K
0 2  0 4  0 6  0 8
F ra c tio n  o f 3 9 A r  R e le a s e d
Figure 2R.15: 40Ar/39Ar age spectra, K/Ca ratios and Cl/K ratios for sample 05RAPbiotite analyses.
Cl
/K
 
Ca
/K
 
Ag
e 
in 
M
a
75
0 9 R A P  B I# L 1  A g e  S p e c tr u m
In tegrated A g e =  31 2 + /-  O 2  M a  
Plateau A g e=  31 4  + /- 0 2 M a  
N um ber o f fractions= 7 
%  of %9A r re leased=  9 8  1%  
P lateau  M S W D =  87
0
0 0  0 2  0 4  0 6  0 8
F ra c tio n  o f 3 9 A r  R e le a s e d
0 9 R A P  B I# L  C a /K
F ra c tio n  o f  3 9 A r  R e le a s e d  
0 9 R A P  B I# L  C l/K
0 0  0 2  0 4  0 6  0 8  1 0
F ra c t io n  o f  3 9 A r  R e le a s e d
Figure 2R.16:40Ar/39Ar age spectra, K/Ca ratios and Cl/K ratios for sample 09RAPbiotite analyses.
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Figure 2R .17:40Ar/39Ar age spectra, K/Ca ratios and Cl/K ratios for sample 45RAPmuscovite analyses.
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Figure 2R.18:40Ar/39Ar age spectra, K/Ca ratios and Cl/K ratios for sample 05RAPmuscovite analyses.
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Figure 2R.19: 40Ar/39Ar age spectra, K/Ca ratios and Cl/K ratios for sample 311 AST hornblende analyses.
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Figure 2R.20 : 40Ar/39Ar age spectra and inverse isochron plots for 01 PAN K-sparanalyses.
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Figure 2R.21: 40Ar/39Ar age spectra and inverse isochron plots for 332AST K-sparanalyses.
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Figure 2R.22: 40Ar/39Ar age spectra and inverse isochron plots for DT45 K-sparanalyses.
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Figure 2R.23: 40Ar/39Ar age spectra and inverse isochron plots for 37NEN K-sparanalyses.
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Figure 2R.24: 40Ar/39Ar age spectra and inverse isochron plots for 32NEN K-sparanalyses.
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Figure 2R :25:40Ar/39Ar age spectra and inverse isochron plots for 02DEB K-sparanalyses.
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Figure 2R.26: 40Ar/39Ar age spectra and inverse isochron plots for 24DEB K-sparanalyses.
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Figure 2R.27: 40Ar/39Ar age spectra and inverse isochron plots for 22DEB K-sparanalyses.
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Figure 2R.28 : 40Ar/39Ar age spectra and inverse isochron plots for 03BAL K-sparanalyses.
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Figure 2R.29:40Ar/39Ar age spectra and inverse isochron plots for 26BAL K-sparanalyses.
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Figure 2R.30: 40Ar/39Ar age spectra and inverse isochron plots for 18BAL K-sparanalyses.
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Figure 2R.31: 40Ar/39Ar age spectra and inverse isochron plots for 03RAP K-sparanalyses.
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Figure 2R.32: 40Ar/39Ar age spectra and inverse isochron plots for 45RAP K-sparanalyses.
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Figure 2R.33 : 40Ar/39Ar age spectra and inverse isochron plots for 311 AST K-sparanalyses.
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Figure 2R.34 : 40Ar/39Ar age spectra and inverse isochron plots for 05RAP K-sparanalyses.
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Figure 2R.35 : 40Ar/39Ar age spectra and inverse isochron plots for 09RAP K-sparanalyses.
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Figure 2R.36: 40Ar/39Ar age spectra and inverse isochron plots for 23RAP K-sparanalyses.
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Figure 2R.37: Arrhenius plot, measured, Cl corrected and modeled 40Ar/39Ar agespectra, monotonic multiple diffusion domain (MDD) thermal models generated forK-feldspar from sample 32NEN.
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Figure 2R.38: Arrhenius plot, measured, Cl corrected and modeled 40Ar/39Ar agespectra, monotonic multiple diffusion domain (MDD) thermal models generated forK-feldspar from sample 22DEB.
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Figure 2R.39: Arrhenius plot, measured, Cl corrected and modeled 40Ar/39Ar agespectra, monotonic multiple diffusion domain (MDD) thermal models generated forK-feldspar from sample 03BAL.
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Figure 2R.40: Arrhenius plot, measured, Cl corrected and modeled 40Ar/39Ar agespectra, monotonic multiple diffusion domain (MDD) thermal models generated forK-feldspar from sample 26BAL.
100
400
F  350 
§ 300
CD
£ 250Q.|  200 
150100
5000
450 180AL Cooling History
5 10 15 20 25 30 35 40
Age (Ma)
18BAL FS# F2 
Data Age Spectrum 
Chlorine Corrected Age Spectrum
0-1-2
^  -3Q. '4 1
a> c o 5- j -6
-7
18BAL FS#F2 Arrhenius plot1000rr(K)
5 10 15
• Sample
• Modeled
20
E=49 1 
DL==8 8
V***i _ •*»•* * ■
-9
*10
Figure 2R.41: Arrhenius plot, measured, Cl corrected and modeled 40Ar/jyAr agespectra, monotonic multiple diffusion domain (MDD) thermal models generated forK-feldspar from sample 18BAL.
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Figure 2R.42: Arrhenius plot, measured, Cl corrected and modeled 40Ar/39Ar agespectra, monotonic multiple diffusion domain (MDD) thermal models generated forK-feldspar from sample 03RAP.
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2.13 Repository Tables
Table 2R.1: 40Ar/39Ar data from Potassium Feldspar, (F): furnace run, (L): laser run
Sam ple # and Lat (°N ) Elcv 40A r/39A r ave # steps Isochron min 40A r/36/Ar, M SW D  #  isoc
rock type Lon (°W ) (m ) m in age (M a) in ave age ( M a ) ± l o  steps
±  l a
North o f  Denali Fault
01 PAN (L) 
granite
63 4670 
148 7350
1011 30 8 ± 6 9 6 30 ± 3  8 283 3 ±  91 9 0 06 3
332A ST (L) 
granite
63 4810 
148 4880
1324 28 4 ±  0 9 2 29 8 ±  0 4 297 3 ±  0 4 2 25 13
DT45 (F) 
granodioritc
63 5800 
147 6460
1920 12 8 ± 0 4 2 12 5 ±  0 4 313 1 ±  3 4 1 08 6
37N EN  (F) 
granodionte
63 5440 
147 6970
2347 11 5 ±  0 2 3 10 7 ±  2 1 306 8 ± 2 7  6 0 16 3
32N EN  (F) 
granodionte
63 5130 
147 7270
1271 7 4 ±  0 1 3 6 5 ±  0 3 317 7 ±  3 8 1 07 5
02D EB (F) 
tonalitc
63 6126 
147 2770
2268 14 6 ±  0 3 5 14 8 ±  0 8 291 6 ±  10 2 0 47 6
24D EB (F) 
tonalile
63 5957 
147 3449
2042 10 3 ±  1 1 4 10 9 ±  1 7 294 0 ±  5 7 2 25 4
22D EB (F) 
granitoid
63 5391 
147 3237
1341 6 8 ±  0 1 3 6 0 ±  0 2 327 2 ±  3 5 1 33 6
03B A L (F) 
granite
63 6224 
146 9251
2164 12 5 ±  0 3 3 12 8 ± 0 4 319 0 ±  7 7 0 95 4
26B A L (F) 
granite
63 6139 
146 8696
2846 10 1 ± 0 9 5 9 7 ±  1 8 295 9 ±  11 2 1 34 5
18B A L (F)
granite
63 5808 
146 9405
1750 8 4 ±  0 2 2 8 5 ±  0 4 296 2 ±  5 0 1 66 3
03RA P (F) 63 4827 
granite 146 0428 
South o f  Denali Fault
2041 18 5 ±  0 1 2 18 6 ±  0 5 294 4  ± 2 1  1 0 2
45RA P (L) 
orthogneiss
63 4723 
146 4310
1635 28 6 ±  0 4 7 28 6 ±  0 4 349 3 ±  93 5 0 93 7
3 IIA S T  (F) 
orthogneiss
63 4881 
146 8292
1905 30 0 ±  1 4 5 29 9 ±  4  7 292 7 ±  10 3 0 3 1 4
05RA P (L) 
orthogneiss
63 4337 
146 5411
2111 28 6 ±  0 3 7 28 7± 0 2 282 7 ±  12 0 0 57 7
09RA P (L) 
orthogneiss
63 4345 
146 5277
1918 29 2 ±  0 3 9 28 8 ±  0 2 319 0±  2 6 0 87 11
16RAP (L) 
onhogneiss
63 4635 
146 5028
1748 28 3 ± 0  2 10 28 2 ± 0  2 315 2 ±  2 9 1 15 12
23RA P (L) 
orthognciss
63 4492 
146 4516
2458 29 5 ±  0  2 7 29 3 ±  0 2 354 0  ±  2 9 0 44 10
103
Table 2R.2: 40Ar/39Ar and K-Ar data from biotite, muscovite and hornblende
Sam ple # and 
rock type
Lai (°N ) 
Lon (°W )
Elev 40A r/39A r integrated or
(m)_______K -A r A ge (M a) ±  l a
A r/ A r plateau P lateau inform ation
A ge (M a) ±  1 a _______(o r K -A r reference)
B io tite  N o rth  o f  D enali F au lt
01 PAN 
granite
63 4670 
148 7350
1011 36 6 ±  0 2 36 9 ±  0 2
9 steps
M SW D  = 1 29
AST332
granite
63 4810 
148 4880 1324 37 9 ±  1 1 (K -A r)
Csejtcy, 1992
04NEN
granite
63 5160 
147 8477 1859 37 3 ±  0 I
38 3 ± 0 2 5 steps
M SW D  = 2 11
DT45
granodioritc
63 5800 
147 6460 1920 37 9 ±1 1 (K -A r) Csejtey et a l , 1992
37N EN
granodionle
63 5440 
147 6970 2347 35 6 ± 0  1
36 2 ±  0 1 3 steps
M SW D  = 0 31
32N EN
granodioritc
63 5130 
147 7270 1271 29 4 ±  2 2 30 2 ± 2  3
8 steps
M SW D  =  0 52
02DEB
tonahte
63 6126 
147 2770 2268 65 6 ±  0 3
68 4 ±  0 3 4 steps
M SW D  =  2 30
24DEB
tonalite
63 5957 
147 3449 2042 32 0 ±  0 1 32 5 ± 0  1
4 steps
M SW D  = 1 65
07DEB
tonalite
63 5699 
147 2897 1524 27 4 ±  0 1 28 5 ± 0  2
7 steps
M SW D  =  0 61
03BA L
granite
63 6224 
146 9251 2164 33 2 ± 0  2 33 3 ± 0  2
5 steps
M SW D  =  0 62
18BAL
granite
63 5808 
146 9405 1750 22 8 ±  0 1
22 5 ±  0 1 3 steps
M SW D  = 0 40
19BAL
granite
63 5713 
146 9481 1615 21 3 ± 0  1
21 3 ± 0  1 5 steps
M SW D  = 2 80
A NK 28
m etagranite
63 5380 
146 9710 1694 18 2 ±  0 6 (K -A r) - N okleberg et a l , 1992
30RAP
granite
63 5160 
146 6847 1719 18 5 ±  0 1
18 4  ±  0  1 8 stepsM SW D  =  1 29
03 RAP 
granite
63 4827 
146 0428 2041 32 1 ± 0  1 32 5 ± 0  1
8 steps
M SW D  = 0 30
B io tite  S o u th  o f  D enali F a u lt
45RAP
orthogneiss
63 4723 
146 4310 1635
31 9 ± 0  1 32 5 ± 0  1 6 stepsM SW D  = 0 41
3 1 1AST 
orthognciss
63 4881 
146 8292 1905 34 6 ±  0 2
34 6 ±  0 2 6 steps
M SW D  = 0 37
05RAP
orthogneiss
63 4337 
146 5411 2111
31 8 ±  0 1 31 9 ±  0 1 7 steps
M SW D  = 0 50
09 RAP 
orthognciss
63 4345 
146 5277
1918 31 2 ± 0 2 31 4 ±  0 2 7 stepsM SW D  = 0 87
M u sco v ite  S o u th  o f  D enali F a u lt
45RAP
orthogneiss
63 4723 
146 4310 1635 31 5 ± 0  1
31 6 ± 0  1 6  steps
M SW D  = 0 96
05RAP
orthogneiss
63 4337 
146 5411
2111 32 6 ±  0 3 32 6 ±  0 3
6 steps
M SW D  = 0 29
H o rn b le n d e  N o r th  o f D enaii F au lt
DT45
granodionte
63 5800 
147 6460 1920 39 6 ±  1 1 (K -A r) -
Csejtey, 1992
H o rn b le n d e
S o u th  o f  D enali
F a u lt
311A ST
orthogneiss
63 4881 
146 8292
1905 34 7 ±  0 8 35 4 ± 0 6
4 steps
M SW D  = 0 65
Table 2R.3: Apatite Fission Track Analysis
Lai (°N) 
Lon (°W )
Elev(m) P (X 2) (% ) pD Age (M a) ±  2<j M eanlengths (pm ) D par(nm)
North o f Denali Fault
01BAL 63 6326
Granite 146 8637
05PH 001A 63 5952
Tonalite 146 9522
05PH 002A 63 5730
Granite 146 9507
05PH005A 63 5291
D iontc 1470158
05PH 005B 63 5291
Aplile 1470158
05PH006A 63 5386
G ranodionte 147 0736
05NEN 63 5098
G ranodionte 147 8443
22DEB 63 5391
G ranitoid 147 3237
South o f  Denali Fault
05PH003A 63 5043
Tonalite 146 8302
2499 11 0 051 19 1 690 631 6 7 1 262 2038 6.7  ± 1 .6 124 1 1 99
2003 37 0 021 45 1 797 2141 74 5 1 334 3334 5.1 ±  0.8 11 79 ±  0 66 7 1 52
1607 16 0 030 18 2 058 1253 29 6 1 330 3325 3 .5  ±  0.8 none -- 1 83
1282 40 0 0 1 4 28 1 245 2443 75 1 1 323 3308 2.8  ± 0 .5 13 86 1
1282 40 0 0 1 0 28 0 795 2289 98 1 320 3299 2.9  ±  0.6 12 5 ±  0 74 13 1 50
1730 40 0  046 128 4 035 11217 23 1 1 294 3235 2.7  ±  0.2 none - 1 36
1640 30 0 030 20 5 680 3842 24 1 315 2124 1.2 ± 0 .3 13 9 ±  1 40 18 2 06
1341 30 0 0 1 3 42 3 220 3135 <1 1 395 2254 3.3  ±  0.5 12 2 ±  0 70 8 I 99
1358 20 0 269 157 4 001 2449 99 5 1 327 3316 15.5 ± 1 .3 11 94 ±  0 28 24 2 02
Notes: Track densities (p) are x 106 tracks cm'2, s: spontaneous, i: induced, D: dosimeter; n: number of grains counted for age or length determination. All analyses are by the External Detector Method using 0.5 for the geometry correction factor. Apatite ages calculated using dosimeter glass CN5 and zeta = 364.0 ± 6.3 (± la). Apatite ages for three samples (01BAL, 05NEN, and 22DEB) were calculated using a zeta = 349.0 ±5.1 (± la). Age standards include Fish Canyon Tuff, Durango and Mount Dromedary apatites. P(%2) is the probability of obtaining % value for v degrees of freedom (where v is the number of crystals -1) (Galbraith, 1981); pooled ps/pi ratio is used to calculate age and uncertainty where P(X2) >5%; mean ps/pi ratio is used for samples where P(x2) <5% and for which Central ages (Galbraith and Laslett,1993) are calculated. Apatite grain mounts were etched in 5 M HN03 for 20 s at 21 deg. C.
Table 2R.4: Apatite U-Th/He data
Sample #
And rock type
Lat (°N) 
Lon (°W)
Elev
(m)
U
(ppm)
Th
(ppm) He (nmol/g)
Sm
(ppm)
Mass
(mg) Ft Radius (mm)
Corrected 
age (Ma)
Mean age 
(Ma)
Std
error
(Ma)
North of Denali Fault
05PH001A 63 5952 2003 3 09 5 27 0 05 70 27 6 16 0 78 62 25 2 59 3 65 0 78
hb tonalite 146 9522 8 90 9 17 0 14 111 16 1 88 0 70 45 60 3 19
84 99 219 04 2 75 584 24 2 10 0 71 54 00 5 17
05PH005A 63 5291 1282 4 74 4 63 0 04 86 26 4 76 0 78 68 90 1 53 1 41 0 06
dionte 147 0158 5 57 5 24 0 04 69 98 4 17 0 76 57 45 1 38
6 09 5 19 0 04 67 88 5 93 0 78 62 25 1 31
South of Denali Fault
05PH003A 63 5043 1358 21 66 27 50 0 58 144 86 621 0 76 55 00 4 94 4.54 0 46
hb tonalite 146 8302 31 19 32 52 0 74 11260 2 11 0 69 41 55 5 04
15 11 19 77 0 27 89 11 1 59 0 69 45 50 3 63
Notes 1. Ft is fraction of total a particles retained (Farley et al., 1996)2. Standard error for single grain sample (PH-06) is the average standard error for other samples with 3 grains each.
Table 2R.5:40Ar/39Ar data for biotitie, muscovite, hornblende and K-spar.
BIOTITE
L=L aser Run F=Fum ace Run 
N orth  o f  Denali Fault
01 PAN BI#L1 FIG U RE 2R  1
W eighted average o f J  from  standards =  3 571e-03 + /- 1 656e-05
Laser Pow er 
(m W )
C um ulative39Ar 40A r/39A rm easured 37A r/39A rm easured 36A r/39A rm easured %  Atm ospheric Ca/K 40A r Cl/K 40*/39K  +/- Age(M a) +/-(M a)
Integrated
400 001 86 92 0 74 0 26 0 0283 0 29 0 0038 98 86 0 48 0 05 0 01 0 0008 0 99 0 92 6 38 5 88
600 00 1 11 69 0 10 0 07 0 0198 0 03 0 0 0 1 8 67 57 0 13 0 04 0 01 0 0004 3 78 0 52 24 21 3 29
800 0 04 6 90 0 07 0 02 0 0047 0 00 0  0007 20 77 0 03 00 1 0 01 0 0002 5 44 0 20 34 74 1 26
1000 0 09 6 22 0 03 0 0 1 0 0026 0 00 0 0003 6 69 0 02 0 00 0 0 1 0 0002 5 78 0 10 36 86 0 66
1250 0 16 5 99 0  02 0 0 1 0 0 0 1 7 0 00 0 0003 2 63 0 02 0 00 0 0 1 0 0002 5 80 0  08 37 01 0 49
1500 0 23 5 95 0 02 0 0 1 0  0021 0 00 0 0002 1 45 0 02 0 00 0 01 0 0001 5 83 0 05 37 20 0 32
1750 0 32 5 94 0 02 00 1 0 0012 0 00 0 0002 -0 18 0 02 0 00 0 01 0 0001 5 92 0 06 37 73 0 36
2000 0 42 591 0 02 0 02 0 0012 0 00 0 0001 0 22 0 03 0 00 0 01 0 0001 5 87 0 04 37 40 0 27
2500 0 60 5 83 0 05 0 03 0 0009 0 00 0 0001 0 29 0 05 0 00 0 0 1 0 0001 5 78 0 05 36 86 0 34
3000 0 76 5 77 0 05 0 03 0 0009 0 00 0 0001 -0 23 0 06 0 00 0 01 0 0001 5 76 0 05 36 71 0 34
5000 0 95 5 76 0  04 0 07 0 0008 0 00 0 0001 -0 06 0 12 0 00 0 0 1 0 0001 5 74 0 05 36 59 0  29
9000 1 00 5 83 0 02 0 09 0 0027 0  00 0 0003 0 67 0 17 0 00 0 01 0 0002 5 76 0 10 36 75 0  63
6 39 0 02 0 04 0 0005 0 00 0 0001 9 76 0 06 0 00 0 0 1 0 0000 5 74 0 02 36 61 0 22
04N EN  BI#L1 FIGURE 2R 2
W eighted average o f  J from standards =  3 297c-03 +/- 8 602e-06
Laser Pow er C um ulative 40A r/39A r +/-
(m W ) 39A r m easured
37A r/39A r +/- 36A r/39A r +/-
m easured m easured
%  A tm ospheric C a/K  +/- C l/K  +/- 40*/39K  +/- Age +/-
40A r (M a) (M a)
+/
o
On
T able 2R 5 
continued
300 0 01 43 47 0 4 1 0 16 0 0033 0 15
500 0 02 19 55 O i l 0 04 0 0017 0 05
650 0  05 10 18 0 08 0 02 0 0008 0 01
800 0 09 7 64 0 05 0 0 1 0 0003 0 00
950 0 15 7 86 0 05 001 0 0004 0 0 1
1100 0 20 7 69 0 04 0 0 1 0 0004 0 00
1300 0 25 7 45 0 04 0 01 0 0004 0 00
1500 0 30 7 34 0 04 0 02 0 0003 0 00
1800 0 36 7 41 0 04 0 02 0 0004 0 00
2200 0 47 7 25 0 04 0 03 0 0004 0 00
3000 0 76 6 79 0 04 0 0 4 0 0003 0 00
5000 0 97 6 49 0 04 0  14 0 0011 0 00
9000 1 00 6 20 0 03 0 20 0 0019 0 00
Integrated 7 60 0 02 0 06 0 0002 0 00
37N EN  B1#L1 FIG U RE 2R  3
W eighted average o f  J from  standards =  3 493e-03 +/- 6 366c-06
L aser P ow er Cumulative 40A r/39A r +/- 37Ar/39A i +/- 36A r/39A r
(m W ) 39Ar m easured m easured m easured
400 0 00 62 64 0  69 0 59 0 0 1 3 3 0 2 1
600 0 00 6 96 0 05 0 65 0 0081 0 03
800 0 0 1 9 93 0 07 0 46 0 0071 0 03
1000 00 1 14 78 0 12 0  10 0 0028 0 04
1250 0  03 8 56 0 07 0  03 0 0010 0 0 1
1500 0 06 6 99 0 04 0 01 0 0005 001
1750 0 10 6 4 1 0 03 0 01 0  0004 0 00
2000 0 14 6 26 0 02 0 0 1 0 0003 0 00
0 0021 100 55 0 30 0 01
0 0008 81 44 0 07 0 00
0 0004 39 50 0 03 0 00
0 0002 17 68 0 02 0 00
0 0002 1935 0 02 0 00
0 0002 16 89 0 02 0 00
0 0002 1201 0 03 0 00
0 0002 10 99 0 03 0 00
0 0002 9 70 0 04 0 00
0 0001 9 35 0 05 0 00
0 0000 4 30 0 07 0 00
0 0000 1 42 0 26 0 00
0  0002 0 90 0 38 0 00
0 0000 16 33 0 11 0 00
% A tm ospheric Ca/K. +/- 
40 A r
0 0076 97 61 1 08 0 02
0 0027 110 03 1 19 0 01
0 0022 99 71 0 84 0 0 1
0 0015 75 11 0 18 0 0 1
0 0005 40 03 0 05 0 00
0 0002 21 64 0 03 0 00
0 0002 12 17 0  02 0 00
0 0001 8 55 0  02 0 00
0 0004 -0 24 0 53 -1 43 3 17
0 0003 3 62 0 24 21 41 1 40
0 0003 6 14 0 13 36 16 0 75
0 0002 6 26 0 07 36 87 0 38
0 0002 6 32 0 07 37 18 0 43
0 0002 6 37 0 07 37 49 0 42
0 0002 6 53 0 06 38 43 0 35
0 0001 6 51 0 07 38 28 0 39
0 0001 6 66 0 06 39 19 0 34
0 0001 6 55 0 05 38 54 0 27
0 0001 6 47 0 04 38 05 0 23
0 0001 6 37 0 04 37 49 0 25
0 0002 6 12 0 08 36 02 0 44
0 0001 6 33 0  02 37 26 0 15
+/- 40*/39K  +/- A ge +/-
(M a) (M a)
0 0015 1 50 2 16 9 40 13 56
0 0007 -0 70 0  79 -4 39 5 02
0 0004 0 03 0 63 0 18 3 99
0 0003 3 67 0 43 22 98 2 68
0 0002 5 11 0 15 31 94 0 95
0 0002 5 46 0 08 34 06 0 49
0 0001 561 0 07 34 99 0 40
0 0001 5 70 0 04 35 54 0 25
0 02
0 02
0 020 020 020 020 020 020 020 020 020 02001
0 02
Cl/K
001001001001001001001001
o
Table 2R  5
continued
2500 0 20 6 16 0 02 0 0 1 0 0003 0 00
3000 0 27 6 07 0 02 0 02 0 0002 0 00
4000 0 4 1 6 03 0 04 0 02 0 0002 0 00
6000 0 80 5 92 0 02 0 10 0 0006 0 00
8000 1 00 5 94 0 03 0 15 0 0011 0 00
Integrated 6 20 0 01 0 08 0 0003 0 00
5000 0 99 5 48 0 03 0 40 0 0034 0 00
9000 1 00 5 64 0 03 0 7 1 0 0053 0 00
Integrated 5 56 0 02 0 10 0 0003 0 00
32N EN  B1#L2 FIGURE 2R  4
W eighted average o f  J from standards =  3 493e-03 +/- 6 366e-06
Laser Pow er C um ulative 40A r/39A r +/- 37A r/39A r +/- 36A r/39A r +/-
(m W ) 39A r m easured m easured m easured
400 0 03 1832 0 12 0 31 0 0035 0 06
600 0  09 10 33 0 05 0 06 0 0009 0 02
800 0 19 6 12 0 03 0 03 0 0009 0 00
1000 0 30 5 94 0 03 0 02 0 0006 0 00
1250 0 38 5 97 0 02 0 02 0 0012 0 00
1500 0 46 6 23 0 02 0  03 0 0009 0 00
1750 0 57 5 94 0 02 0  04 0 0008 0 00
2000 0 68 5 55 0 0 1 0  04 0 0007 0 00
2500 0 77 5 44 0 0 1 0 08 0 0011 0 00
3000 0 81 5 38 0 02 0 2 1 0  0028 0 00
3750 0 85 5 45 0 03 0 27 0 0020 0 00
4500 0 88 5 4 1 0 04 0 36 0 0036 0 00
0 0001 6 27 0 02 0 00
0 0001 4 44 0 03 0 00
0 0000 3 14 0 04 0 00
0 0000 1 85 0 19 0 00
0 0000 1 65 0 28 0 00
0 0000 7 55 0 15 0 00
0 0002 1 46 0 73 0 01
0 0011 19 55 1 30 0 01
0 0000 4 43 0 19 0 00
%  A tm ospheric Ca/K. +/- Cl/K. 
40A r
0 0012 97 47 0 56 0 01
0 0006 56 73 0 11 0 00
0 0003 22 42 0 05 0 00
0 0003 18 35 0 03 0 00
0 0004 18 17 0 04 0 00
0 0004 20 84 0 06 0 00
0 0003 18 84 0 08 0 00
0 0002 11 54 0 08 0 00
0 0003 9 69 0 15 0 00
0 0008 13 22 0 39 0 0 1
0 0006 7 79 0 49 0 00
0 0009 7 52 0 66 0 0 1
0 0001 5 74 0 03 35 83 0 18
0 0001 5 77 0 03 36 00 0  17
0 0001 58 1 0 04 36 23 0 22
0 0001 5 79 0 02 36 10 0 13
0 0001 5 81 0 03 36 27 02 1
0 0001 5 71 001 35 60 0 1!
0 0001 5 37 0 06 33 69 0 37
0 0003 4 5 1 0 34 28 34 2 09
0 0000 5 29 0 02 33 15 0 19
+/- 40*/39K. +/- A ge +/-
(M a) (M a)
0 0003 0 46 0 35 2 9 1 2 22
0 0002 4  46 0 18 27 87 1 12
0 0001 4  72 0 10 29 52 061
0 0001 4  82 0 09 30 15 0 58
0 0001 4 86 0 11 30 39 0 66
0 0002 4 9 1 0 13 30 65 0 79
0 0001 4 80 0 09 30 00 0 56
0 0001 4 88 0 06 30 50 0 39
0 0001 4 89 0 08 30 53 0 51
0 0003 4 65 0 23 29 04 1 43
0 0002 5 00 0 19 31 22 1 18
0 0004 4  98 0 28 31 11 1 74
0010 020 020 020 02
0  020 000 00
0 00
001001001001001001001001001001001
0 0 1
o00
Tabic 2R 5 
continued 
5500 0 92 5 42 0 03 0 44 0 0038 0  00
6500 0 97 5 56 0 02 0 30 0  0025 0  00
8000 1 00 5 70 0 03 0 35 0 0038 0  00
Integrated 6 42 0 01 0 11 0 0004 001
02D EB  BI#L1 FIG U RE 2R 5
W eighted average o f J  from standards =  3 579e-03 +/- 1 276c-05
Laser Pow er Cum ulative 40A r/39A r +/- 37Ar/39Ar +/- 36A r/39A r
(m W ) 39Ar m easured m easured m easured
400 0 00 78 65 1 24 0 18 0  0419 0  15
600 0 0 1 7 03 0 08 0 37 0 0109 0  02
800 0 02 8 66 0 09 0 45 0 0083 0  02
1000 0 05 13 35 0 09 0  22 0 0031 0 02
1250 0  12 12 44 0 04 0  05 0 0009 0 01
1500 0 23 11 61 0 08 0 0 1 0 0007 0 00
1750 0 34 11 30 0 05 0 0 1 0 0005 0 00
2000 0 46 11 09 0 06 0 0 1 0 0004 0 00
2500 0 58 10 83 0 05 0 0 1 0 0004 0 00
3000 0  73 10 55 0  09 0 0 1 0  0004 0 00
3500 0  82 10 52 0  03 0 02 0 0005 0  00
4500 0 92 10 38 0 03 0 03 0 0006 0 00
6000 0 97 10 42 0 07 0 02 0 0013 0 00
8000 1 00 10 48 0 08 0 02 0 0014 0 00
Integrated 11 07 0 02 0 03 0 0002 0 00
24DEB BI#L1 FIGURE 2R 6
0 0006 
0 0004 
0 0008
1 263  0 8 0  0 0 1  0 0 1  0 0002 4 71 0 19 2 9 4 5  117
8 72 0 54 0 00 0 01 0 0002 5 05 0 13 3 1 5 3  0 82
6 47 0 65 0 01 0 01 0 0003 5 30 0 24 33 11 1 46
0 0001 26 33 0 20 0 00
% A tm ospheric C a/K  +/- Cl/K
40A r
0 0106 57 08 0 33 0 08
0 0016 86 25 0 68 0 02
0 0006 53 82 0 83 0 02
0 0006 35 10 0 40 0 0 1
0 0002 14 07 0 09 0 00
0 0002 6 88 0 02 0 00
0 0001 3 25 0 0 1 0 00
0 0001 2 56 0 0 1 0 00
0 0001 2 04 0 0 1 0 00
0 0001 1 53 0  02 0 00
0 0001 2 29 0 03 0 00
0 0001 2 11 0 05 0 00
0 0002 3 50 0 04 0 00
0 0003 3 0 1 0 03 0 00
0 0001 6 27 0 05 0 00
0 0000 4 70 0 03 29 41 0 22
+ /- 40*/39K  + /- A ge +/-
(M a) (M a)
0 0020 33 75 3 12 205 74 17 95
0 0005 0 96 0 48 6 20 3 06
0 0003 3 99 0 17 25 56 1 08
0 0002 8 64 0 18 54 97 1 14
0 0001 10 66 0 07 67 58 0 42
0 0001 10 78 0 10 68 31 0 64
0 0001 10 90 0 06 69 08 0 40
0 0001 10 77 0 06 68 27 0 40
0 0001 10 58 0 06 67 06 0 36
0 0001 1 036 0 09 65 67 0 55
0 0001 10 25 0 05 65 00 0  30
0 0001 10 13 0 05 64 26 0 28
0 0001 10 03 0 10 63 62 0 62
0 0002 10 13 O i l 64 28 0 68
0 0000 10 34 0 02 65 59 0 28
001
0 02001001001001001001001001001001001001001
001
o
SO
T able 2R  5 
continued
W eighted average o f  J from standards =  3 493e-03 +/- 6 366e-06
Laser Pow er C um ulative 40A r/39A r +/- 37A r/39A r +/- 36A r/39A r
(m W ) 39Ar m easured m easured m easured
400 0 00 101 44 08 1 0 10 0 0061 0 34
600 0 02 21 78 0 08 0 07 0 0020 0 06
800 0 08 13 11 0 07 0 04 0 0006 0  03
1000 0 18 7 47 0 04 0 03 0 0004 0 0 1
1250 0 29 6 12 0 04 0  03 0 0003 0 00
1500 0 39 5 86 0 04 0 02 0 0005 0 00
1750 0 47 5 75 0 03 0 03 0 0004 0 00
2000 0 54 5 73 0 02 0 03 0 0003 0 00
2500 0 65 5 76 0 04 0 04 0 0004 0 00
3000 0 76 5 78 0 04 0 06 0 0005 0 00
3500 0 86 5 94 0 04 0 16 0  0013 0 00
4500 0 97 6 17 0 03 0 40 0 0023 0 00
6000 0 99 6 16 0 02 0 49 0 0046 0 00
8000 1 00 6 11 0 03 0 40 0 0036 0 00
Integrated 7 02 0 0 1 0 10 0 0003 0 0 1
07D EB  B I#I FIGURE 2R 7
W eighted average o f  J from  standards =  3 579e-03 +/- 1 276e-05
L aser Pow er C um ulative 40A r/39A r +/■ 37A r/39A r +/- 36A r/39A r
(m W ) 39Ar m easured m easured m easured
400 00 1 19 46 0 18 0 15 0  0030 0 06
600 0 02 7 93 0 11 0 13 0 0022 0 02
800 0 04 93 1 0 06 0  11 0 0 0 1 8 0 02
%  A tm ospheric C a/K  +/-
40A r
0 0034 97 92 0 19 0 0 1
0 0008 81 49 0 13 0 00
0 0003 62 89 0 08 0 00
0 0001 32 42 0 05 0 00
0 0001 15 02 0 05 0 00
0 0001 9 92 0 05 0 00
0 0001 8 71 0 05 0 00
0 0001 9 88 0 06 0 00
0 0001 11 89 0 07 0 00
0 0001 11 77 Oil 0 00
0 0001 13 09 0 30 0 00
0 0001 12 32 0 73 0 00
0 0003 12 10 0 89 0 01
oooio 14 88 0 73 0 01
0 0000 26 78 0 18 0 00
%  Atm ospheric C a/K  +/- 
40A r
0 0 0 1 2 93 38 0  28 0 0 1
0 0006 82 33 0 24 0 00
0 0005 72 03 021 0 00
+/- 40*/39K  +/- A ge +/-
(M a) (M a)
0 0007 2 11 0 79 13 22 4 94
0 0002 4 03 0 23 25 19 1 43
0 0001 4 86 0 10 30 34 0 63
0 0001 5 03 0 05 31 40 0 29
0 0001 5 18 0 04 32 32 0 25
0 0001 5 26 0 05 32 82 0 29
0 0001 5 22 0 03 32 61 0 20
0 0001 5 14 0 04 32 08 0 24
0 0001 5 05 0 04 31 56 0 27
0 0001 5 08 0 04 31 71 0 26
0 0001 5 13 0 04 32 07 0 28
0 0001 5 38 0 04 33 60 0 22
0 0001 5 39 0 09 33 67 0 53
0 0002 5 18 0 28 32 33 1 74
0 0000 5 12 0 01 31 99 0 11
+/- 40*/39K  + /- A ge +/-
(M a) (M a)
0 0003 1 29 0 35 8 29 2 27
0 0004 1 40 0 19 8 99 1 21
0 0002 2 60 0 14 16 68 0 9 1
Cl/K
001001001
001001001001001001001001001001001
001
Cl/K
0 020 020 02
Table 2R  5 
continued 
1000 0 07 8 19 0 03 0 05 0 0005 0 02
1250 0 13 5 68 0 03 0  02 0 0006 0 0 1
1500 0 21 5 08 0 03 0 01 0 0003 0 00
1750 0 30 4 93 0 02 0 01 0 0003 0 00
2000 0 38 4 97 0 02 001 0 0003 0 00
2500 0 5 1 5 05 0 05 0 02 0 0003 0 00
3000 0 64 5 06 0 05 0 04 0 0005 0 00
3500 0 80 5 07 0 04 0 05 0 0005 0 00
4500 0 89 5 07 0 02 0 05 0 0004 0 00
6000 0 96 5 04 0 02 0  04 0 0005 0 00
8000 1 00 4  99 0 03 0 04 0 0006 0 00
Integrated 5 40 0 01 0 03 0 0001 0 00
03BA L BI#L1 FIGURE 2R 8
W eighted average o f  J  from  standards =  3 507e-03 +/- 1 639e-05
Laser Pow er C um ulative 40A r/39A r +/- 37Ar/39A i +/- 36A r/39A r
(m W ) 39Ar m easured m easured m easured
400 0 04 7 63 0 05 0 03 0 0007 00 1
1000 0 3 1 5 57 0 03 0 0 1 0  0002 0 00
1500 0 55 5 45 0 04 0  02 0 0002 0 00
2000 0 74 5 40 0 04 0  06 0 0005 0 00
3000 0 94 5 46 0 03 0  29 0 0013 0 00
5000 0 99 5 48 0 03 0 40 0 0034 0 00
9000 1 00 5 64 0 03 0 7 1 0 0053 0 00
Integrated 5 56 0 02 0 10 0 0003 0 00
0 0003 54 67 0 09 0 00
0 0001 27 70 0 04 0 00
0 0001 16 82 0 02 0 00
0 0001 11 08 0 02 0 00
0 0001 1001 0 02 0 00
0 0001 12 15 0 03 0 00
0 0000 11 84 0 07 0 00
0 0001 11 24 0 09 0 00
0 0001 10 86 0 09 0 00
0 0001 10 77 0 08 0 00
0 0001 11 01 0 07 0 00
0 0000 20 33 0 06 0 00
%  A tm ospheric C a/K  +/-
40A r
0 0004 37 76 0 05 0 00
0 0001 4 29 0 02 0 00
0 0001 2 08 0 03 0 00
0 0001 1 47 0 10 0 00
0 0000 1 55 0 53 0 00
0 0002 1 46 0 73 0 0 1
00 011 1955 1 30 001
0 0000 4  43 0 19 0 00
0 0002 3 70 0 08 23 74 0 50
0 0002 4 08 0 04 26 18 0 28
0 0002 4 20 0 04 26 93 0 29
0 0002 4 36 0 03 27 93 0 19
0 0001 4  44 0 03 28 47 0 20
0 0003 4 4 1 0 05 28 26 0 34
0 0003 4 43 0 05 28 40 0 33
0 0002 4  47 0 04 28 65 0 26
0 0001 4 49 0 03 28 76 0 21
0 0002 4 47 0 03 28 66 0 20
0 0002 4 41 0 05 28 28 0 30
0 0001 4 28 0 01 27 42 0 13
+/- 40*/39K  +/- A ge +/-
(M a) (M a)
0 0001 4  73 0 11 29 70 0 68
0 0000 5 31 0 04 33 26 0  22
0 0000 5 30 0 04 33 25 0 25
0 0000 5 29 0 05 33 17 0 29
0 0000 5 35 0 03 33 54 0 21
0 0001 5 37 0 06 33 69 0 37
0 0003 4 51 0 34 28 34 2 09
0 0000 5 29 0 02 33 15 0 19
0 020 020 020 020 020 020 020 020 020 020 02
0 02
C l/K
0 000 000 000 000 000 000 00
0 00
Table 2R  5 
continued 
18BAL BI#L1 FIGURE 2R  9
W eighted average o f  J  from standards =  3 507e-03 +/- I 639e-05
37A r/39A r 36A r/39A r
(m W ) 39Ar m easured m easured m easured
400 0 07 6 98 0 04 0 0 1 0 0006 0 0 1
1000 0 42 3 95 0 02 0 01 0 0001 0 00
1500 0 67 3 70 0 02 0 01 0 0002 0 00
2000 0 83 3 77 0 03 0 0 1 0 0003 0  00
3000 0 93 3 92 0 06 0 02 0 0007 0 00
5000 0 99 4 38 0 08 0 06 0 0014 0  00
9000 1 00 6  15 0 07 0 08 0 0045 0 00
Integrated 4  12 00 1 0 0 1 0 0002 0 00
19BAL B1#L1 FIGURE 2R  10
W eighted average o f  J from standards =  3 507e-03 +/- 1 639e-05
L aser P ow er C um ulative 40A r/39A r +/- 37Ar/39A r +/- 36A r/39A r
(m W ) 39Ar m easured m easured m easured
400 0 05 10 18 0 03 0 01 0 0004 0 02
1000 0  50 3 55 0 02 0 00 0 0001 0 00
1500 0 69 3 44 0 02 0 0 1 0 0001 0 00
2000 0 84 3 46 0 01 0 02 0 0003 0 00
3000 0 96 3 52 0 02 0 08 0 0006 0 00
5000 0  99 3 59 0 06 0 15 0 0028 0  00
9000 1 00 3 71 0 06 0 13 0 0029 0  00
Integrated 3 84 0 01 0 02 0 0001 0 00
%  Atmospheric C a/K  +/-
40A r
0 0003 56 04 0 03 0 00
0 0000 8 40 0 01 0 00
0 0001 2 86 0 02 0 00
0 0001 3 75 0 02 0 00
0 0001 2 97 0 04 0 00
0 0002 4 21 0 10 0 00
0 0008 15 46 0 15 0 01
0 0000 11 48 0 03 0 00
%  A tm ospheric C a/K  +/- 
40 Ar
0 0003 68 39 0 02 0 00
0 0000 3 38 0 0 1 0 00
0 0000 2 44 0 0 1 0 00
0 0001 1 01 0 04 0 00
0 0001 1 24 0 15 0 00
0 0003 2 19 0 28 0 01
0 0008 1 07 0 24 0 01
0 0000 11 03 0 04 0 00
40*/39K  +/- Age +/-
(M a) (M a)
0 0001 3 06 0 09 19 24 0 53
0 0001 3 59 0 02 22 55 0 15
0 0001 3 56 0 03 22 40 0 17
0 0001 3 60 0 04 22 65 0 26
0 0001 3 78 0 07 23 75 0 41
0 0002 4 17 0 10 26 20 0 61
0 0003 5 17 0 24 32 43 1 48
0 0000 3 62 0 02 22 77 0 15
+/- 40*/39K  + /- Age +/-
(M a) (M a)
0 0001 3 21 0 09 20 19 0 57
0 0000 3 40 0 02 21 39 0 13
0 0000 3 33 0 02 20 94 0 15
0 0000 3 39 0 02 21 35 0 12
0 0001 3 45 0 03 21 67 0 18
0 0001 3 48 0 10 21 90 0 63
0 0002 3 64 0 25 22 88 1 56
0 0000 3 39 0 01 21 31 0 13
Cl/K
0010010010010010010 00
001
Cl/K
0 000 000 000 000 000 000 00
0 00
Table 2R 5 
continued 
30RAP B l# l FIGURE 2R 11
W eighted average o f  J from  standards =  3 41 le-03  + /- 1 051 e-05
Laser Power 
(m W )
C um ulative
39A r
40A r/39A r
m easured
37A r/39A r
m easured
36A r/39A r +/-
m easured
250 00 1 38 10 0 30 0 02 0 0041 0 12
400 0 08 4  17 0 0 1 0 0 1 0 0005 0 00
550 0 27 321 0 02 0 00 0 0002 0 00
700 0 4 1 3 14 0 04 0 0 1 0 0003 0 00
850 0 49 3 12 0 04 0 0 1 0  0006 0 00
1000 0 57 3 10 0 03 0 0 1 0 0006 0  00
1250 0 7 1 3 13 0 03 00 1 0 0003 0 00
1500 0 84 3 11 0 03 0 00 0 0002 0 00
1750 0 92 3 12 0 05 0 01 0 0004 0 00
2000 0 95 3 2 1 0 06 0 03 0 0011 0 00
2500 0 96 3 28 0 05 0 06 0 0032 0 00
3000 0 98 3 19 0 05 0 04 0 0029 0 00
5000 1 00 3 17 0 06 0 04 0 0025 0 00
9000 1 00 3 52 O i l 0 04 0 0066 0 00
Integrated 3 56 0 01 0 01 0 0002 0 00
03RA P B1#L1 FIGURE 2R  12
W eighted average o f  J from standards =  3 571 e-03 +/- 1 656e-05
Laser Pow er Cum ulative 40A r/39A r +/- 37Ar/39A i +/- 36A r/39A r
(m W ) 39Ar m easured m easured m easured
400 0 01 157 74 0  99 0 09 0 0201 0 53
%  A tm ospheric C a/K  +/-
40A r
0 0027 91 37 0 03 0 0 1
0 0002 26 76 0 0 1 0 00
0 0001 3 82 0 0 1 0 00
0 0001 3 17 0 0 1 0 00
0 0002 4 3 1 0 03 0 00
0 0002 7 17 0 02 0 00
0 0001 3 84 0 01 0 00
0 0002 1 11 0 01 0 00
0 0002 0 30 0 0 1 0 00
0 0005 -0  25 0 05 0 00
0 0011 5 47 0 11 0 01
0 0 0 1 3 5 96 0 07 0 0 1
0  0008 6 32 0 06 0 00
0  0056 17 47 0 06 0 0 1
0 0001 14 54 0 02 0 00
%  A tm ospheric C a/K  +/- 
40 Ar
0 0045 98 72 0 17 0 04
0 0005 50 14 0 03 0 01
+/- 40*/39K  +/- A ge +/-
(M a) (M a)
0 0006 3 29 0 75 20 11 4  54
0 0001 3 03 0 06 18 55 0 37
0 0001 3 06 0 04 18 75 0 23
0 0001 3 02 0 05 1847 0 29
0 0002 2 95 0 06 18 08 0 35
0 0002 2 85 0 08 17 44 0 47
0 0001 2 98 0 05 18 26 0 29
0 0002 3 05 0 06 18 67 0 35
0 0002 3 08 0 07 18 86 0 45
0 0003 3 19 0 15 19 54 0 92
0 0003 3 07 0 33 1881 201
0 0004 2 97 0 37 1 820 2 28
0 0003 2 94 0 25 18 00 1 53
0 0013 2 88 1 66 17 63 10 13
0 0001 3 02 0 02 18 48 0 15
+/- 40*/39K  +/- A ge +/-
(M a) (M a)
0 0006 2 02 1 10 13 00 7 05
0 0002 4 55 0 16 29 07 0 98
U>
Cl/K
001001001001
001001001001001001001001001001
001
C l/K
0010 00
Table 2R  5 
continued 
800 0 12 5 58 0 04 001 0 0 0 1 8 0 00
1000 0 24 5 22 0 02 0 01 0 0012 0 00
1250 0 40 5 17 0 03 0 01 0 0008 0 00
1500 0  53 5 18 0 02 0 0 1 0 0011 0 00
1750 0  63 5 17 0 02 0 03 0 0012 0 00
2000 0 74 5 15 0 02 0 05 0 0014 0 00
2500 0 86 5 18 0 02 0 21 0 0026 0 00
3000 0  94 5 17 0 02 0 36 0 0034 0 00
5000 0 99 5 20 0 02 0 70 0 0064 0 00
9000 1 00 5 17 0 06 0  98 0 0284 0 00
ated 6 54 0 01 O i l 0 0007 0 0 1
4 5 RAP B1#L1 FIG U RE 2R  13
W eighted average o f  J  from  standards =  7 125e-03 + /- 1 903e-05
L aser Pow er C um ulative 40A r/39A r +/- 37A r/39A r +/- 36A r/39A r
(m W ) 39A r m easured m easured m easured
400 0 02 3 94 0 02 00 1 0 0017 0 01
600 0 05 3 19 0 0 1 0 00 0 0009 0 00
1000 0 24 3 00 0 02 0 00 0  0001 0 00
1250 0 39 2 68 0 02 0 00 0  0002 0 00
1750 0 55 2 65 0 02 0 00 0 0001 0 00
2000 0 65 2 66 0 02 0 00 0 0003 0 00
3000 0 84 2 66 0 01 0 00 0 0002 0 00
6000 0 99 2 66 0 0 1 0 00 0 0002 0 00
9000 1 00 2 74 0 03 0 02 0 0052 0 00
0 0002 1025 0 02 0 00
o o o o t 3 11 0 02 0 00
0 0001 0 77 0 02 0 00
0 0001 071 0 03 0 00
0 0001 0 65 0 05 0 00
0 0001 0 97 0 09 0 00
0 0001 0 29 0 39 0 00
0 0002 1 21 0 66 001
0 0002 0 32 1 28 001
00 017 1 05 1 80 0 05
0 0001 22 55 021 0 00
%  A tm ospheric Ca/K. +/- 
40 A r
0 0006 84 28 0 01 0 00
0 0003 36 91 0 01 0 00
0 0000 14 54 0 00 0 00
0 0001 3 62 0 00 0 00
0 0001 2 46 0 00 0 00
0 0001 3 36 0 00 0 00
0 0001 2 34 0 00 0 00
0 0001 2 88 0 00 0 00
0 0 0 1 7 38 39 0 03 00 1
0 0001 4 98 0 07 31 82 0 42
0 0000 5 03 0 03 32 12 0 19
0 0001 5 10 0 04 32 58 0 25
0 0001 5 11 0 04 32 63 0 24
0 0001 5 11 0 04 32 59 0 25
0 0001 5 07 0 04 32 40 0 28
0 0001 5 13 0 03 32 76 021
0 0001 5 08 0 05 32 46 0 34
0 000! 5 16 0 06 32 93 0 35
0 0004 5 09 0 50 32 49 3 16
0 0000 5 05 0 02 32 22 0 18
+/- 40*/39K  +/- A ge +/-
(M a) (M a)
0 0002 0 62 0 18 7 89 2 28
0 0001 2 00 0 08 25 48 1 06
0 0001 2 54 0 02 32 30 0 25
0 0000 2 55 0 02 32 52 0 30
0 0001 2 55 0 02 32 54 0 29
0 0001 2 54 0 03 32 35 0 33
0 0000 2 57 0 02 32 77 0 25
0 0000 2 55 0 02 32 49 0 25
0 0004 1 67 0 50 21 34 6 32
0 000 000 000 000 000 000 000 000 000 00
0 00
C i/K
0 000 000 000 000 000 000 000 000 00
Table 2R  5 
continued
Integrated 2 76 0 01 0 00 0 0001 0 00
A S T 3 1 1 BI#L1 FIGURE 2R  14
W eighted average o f  J  from standards =  3 571e-03 +/- 1 656c-05
37A r/39A r
(m W ) 39Ar m easured m easured m easured
400 0  00 384 60 31 02 0 30 0 3726 1 30
600 0 00 129 85 18 00 0 32 0 4791 0 47
800 0 00 141 07 1041 0 26 0 2528 0 46
1000 0 00 29 42 0 93 0 23 0 1299 0 08
1250 0 01 15 73 0 21 0  05 0 0444 0 03
1500 0 03 8 02 0 05 0  03 0 0074 0 0 1
1750 0  09 6 03 0 03 0 01 0 0022 0 00
2000 0 17 5 64 0 02 0 01 0 0025 0 00
2500 0 33 5 54 0 03 0 00 0 0010 0 00
3000 0  46 5 51 0 02 0 00 0 0015 0 00
5000 0 68 5 53 0 02 0 01 0 0008 0 00
9000 1 00 5 48 0  03 0 02 0 0005 0 00
Integrated 5 99 0 01 0 0 1 0 0006 0 00
05RA P BI#L1 FIGURE 2R  15
W eighted average o f  J from standards =  7 125e-03 +/- 1 903e-05
Laser Pow er C um ulative 40A r/39A r +/- 37Ar/39A r +/- 36A r/39A r
(m W ) 39Ar m easured m easured m easured
400 00 1 7 16 0 03 0 02 0 0024 0 02
600 0 09 2 84 0 02 0 0 1 0 0004 0 00
0 0000 8 57 0 00 0 00 0 00 0 0000 2 50 0 01 31 85
%  A tm ospheric C a/K  +/- 
40A r
0 1140 100 03 0 55 0 68
0 0816 106 92 0 58 0 88
0 0460 95 86 0 48 0 46
0 0146 84 40 0 42 0 24
0 0046 63 73 0 09 0 08
0 0007 30 45 0 05 0 0 1
0 0003 11 60 0 01 0 00
0 0003 2 58 0 0 1 0 00
0 0002 1 16 0 01 0 00
0 0002 0 67 0 01 0 00
0  0001 1 45 0 01 0 00
0  0001 0 38 0 03 0 00
0 0001 8 99 0 02 0 00
%  A tm ospheric C a/K  +/- 
40A r
0 0009 67 20 0 04 0 00
0 0001 10 59 0 01 0 00
+/- 40V 39K  +/- A ge +/-
(M a) (M a)
0 0096 -0 13 13 16 -0 85 84 85
0 0 1 3 0 -8 98 14 63 -58 81 97 36
0 0069 5 84 9 26 3721 58 46
0 0027 4 59 4 24 29 31 26 87
0 0011 5 69 1 35 36 31 8 50
0 0004 5 55 0 2 1 35 43 1 35
0 0001 5 30 0 10 33 86 0 66
0 0001 5 46 0 09 34 86 0 57
0 0001 5 45 0 07 34 78 0 41
0 0001 5 45 0  05 34 75 0 30
0 0001 5 42 0 04 34 60 0 27
0 0001 5 43 0 04 34 67 0 23
0 0000 5 43 0 03 34 62 0 23
+/- 40*/39K  +/- A ge +/-
(M a) (M a)
0 0002 2 34 0  25 29 80 3 19
0 0001 2 51 0 03 32 00 0 36
C l/K
0010 020 020010 00001001001001001001001
001
C l/K
0 000 00
Tabic 2R  5 
continued 
1000 0 31 2 58 0 01 0 00 0 0001 0 00
1250 0 41 2 58 0 02 0 00 0 0003 0 00
1750 0 57 2 58 0 02 0 0 1 0 0003 0 00
2000 0 71 2 55 0 02 0 01 0 0002 0 00
3000 0 96 2 57 0 01 0 07 0 0006 0 00
6000 1 00 2 58 0 04 0 27 0 0045 0 00
9000 1 00 2 90 0 12 0 15 0 0202 0 01
Integrated 2 65 0 01 0 03 0 0002 0  00
09RA P BI#L1 FIG U RE 2R 16
W eighted average o f  J  from  standards =  7 125e-03 +/- 1 903c-05
Laser Pow er C um ulative 40A r/39A r +/- 37A r/39A i +/- 36A r/39A r
(m W ) 39Ar m easured m easured m easured
400 0 01 50 93 0 2 1 0 06 0 0024 0 17
600 0 09 4 02 0 01 0 00 0 0002 0 0 1
1000 0 29 2 88 0  02 0 00 0 0001 0 00
1250 0 42 2 67 0 02 0 00 0 0001 0 00
1750 0 57 2 64 0 02 0 00 0 0001 0 00
2000 0 66 2 60 0 01 001 0 0002 0 00
3000 0  82 2 59 0 02 0 03 0 0003 0 00
6000 0 99 2 55 0 02 0 05 0  0004 0 00
9000 1 00 2 56 0 04 0 05 0 0025 0 00
Integrated 3 15 0 01 0 02 0 0001 0 00
M U SCO V ITE
L=L aser Run F=Fum ace Run
0 0000 1 73 0 00 0 00
0 0001 1 47 0 01 0 00
0 0000 1 35 0 0 1 0 00
0 0001 1 92 0 02 0 00
0 0000 1 08 0  14 0 00
0 0001 3 63 0 49 0 01
0 0056 1 1 536 0 27 0 04
0 0000 4 67 0 06 0 00
%  A tm ospheric C a/K  +/-
40A r
0 0018 99 10 0 10 0 00
0 0001 37 06 0 0 1 0 00
0 0001 12 48 0 00 0 00
0 0001 8 18 0 0 1 0 00
0 0001 5 21 0 01 0 00
0 0001 5 56 00 1 0 00
0 0000 3 76 0 05 0 00
0 0000 2 24 0 08 0 00
0 0005 9 12 0 10 0 00
0 0000 21 41 0 03 0 00
0 0000 2 50 0 02 31 91 0 22
0 0000 2 51 0 03 31 99 0 35
0 0000 251 0 02 32 02 0 22
0 0000 2 48 0 02 31 56 0 28
0 0000 2 51 0 02 31 96 0 19
0 0001 2 46 0 05 31 32 0 63
0 0022 -0 44 1 66 -5 68 21 37
0 0000 2 50 0 01 31 80 0 14
+/- 40*/39K  +/- A ge +/-
(M a) (M a)
0 0003 0 46 0 49 5 89 6 28
0 0000 2 5 1 0 04 32 00 0 52
0 0000 2 49 0 02 31 76 0 31
0 0000 2 43 0 04 30 94 0 51
0 0000 2 48 0 03 31 58 0 34
0 0000 2 43 0 03 30 96 0 37
0 0000 2 46 0 02 31 40 0 28
0 0000 2 46 0 02 31 35 0 25
0 0001 2 30 0  15 29 29 1 90
0 0000 2 45 0 01 31 22 0 16
0 000 000 000 000 000 000 00
0 00
C l/K
0 000 000 000 000 000 000 000 000 00
0 00
Table 2R  5 continued 
South  o f  Denali Fault
W eighted average o f  J  from standards =  7 !25c-03 +/- 1 903c-05
45RAP MU#L 1 FIGURE 2R 17
Laser Pow er 
(m W )
Integrated
C um ulative 40A r/39A r +/- 37A r/39A r +/- 36A r/39A r
39Ar m easured m easured m easured
400 0 00 33 33 0 50 -0 01 0 0088 0 11
600 0 00 7 96 0 13 -0 02 0 0086 0 01
1000 0 02 4 19 0 03 0 00 0 0007 0 0 1
1250 0 08 2 62 0 02 0 00 0 0003 0  00
1750 0  14 3 00 0  02 0 00 0 0002 0 00
2000 0 22 2 58 0 02 0 00 0 0002 0 00
3000 0 39 2 58 00 1 0 00 0  0001 0 00
6000 0 80 2 73 0 0 1 0 00 0 0000 0 00
9000 1 00 2 56 0 02 0 00 0 0001 0 00
2 74 0 01 0 00 0 0000 0 00
05R A P MU#1 FIGURE 2R  18
W eighted  average o f  J  from standards =  7 125e-03 +/- 1 903e-05
Laser Pow er 
(m W )
Cum ulative39Ar
400
600
1000
1250
1750
40A r/39A r 
m easured 
0 00 119 80
0 00 7 93
0 0 1  5 22
0 03 4 14
0 09 3 02
37A r/39A r
m easured
0 96 
0 07 
0 04 
0 05 0 02
36A r/39A r +/-
m easured
0 03 0 0122 0 41
0 00 0 0100 0 02
0 00 0 0013 0 0 1
0 0 1 0 0006 0 0 1
0 00 0 0002 0  00
%  A tm ospheric C a/K  +/-
40A r
0 0046 97 17 -0  01 0 02
0 0033 51 46 -0 04 0 02
0 0004 45 20 0 00 0 00
0 0002 3 63 0 00 0 00
0 0001 16 86 0 00 0 00
0 0001 2 76 0 00 0 00
0 0000 1 76 0 00 0 00
0 0000 8 84 0 00 0 00
0 0000 1 56 0 00 0 00
0 0000 8 66 0 00 0 00
%  A tm ospheric C a/K  +/- 
40A r
0 0092 101 11 0 06 0 02
0 0033 79 23 0 00 0 02
0 0004 49 17 0 0 1 0 00
0 0003 38 27 0 0 1 0 00
0 0001 14 16 0 00 0 00
+/- 40*/39K  +/- A ge +/-
(M a) (M a)
0 0009 0 94 1 29 12 08 164 7
0 0006 3 85 0 97 48 81 12 18
0 0001 2 28 0 13 29 04 1 60
0 0001 2 50 0 05 31 85 0 61
0 0000 2 47 0 04 31 45 0 46
0 0000 2 48 0 03 31 64 0 38
0 0000 2 51 0 02 31 92 0 21
0 0000 2 46 0 01 31 35 0 18
0 0000 2 49 0 02 31 69 0 24
0 0000 2 48 0 0 1 31 54 0 14
+/- 40*/39K  +/- A ge +/-
(M a) (M a)
0 0011 -1 32 2 55 -17 10 33 04
0 0007 1 64 0 96 20 97 12 25
0 0001 2 64 0 14 33 58 1 71
0 0001 2 54 0 10 3231 1 28
0 0000 2 57 0 03 32 68 0 39
C l/K
0 000 000 000 000 000 000 000 000 00
0 00
C l/K
0 000 000 000 000 00
Table 2R  5 
continued
2000 0 15 2 88
3000 0 32 2 79
6000 1 00 2 72
9000 1 00 2 82
Integrated 2 94
H O RN B LEN D E 
L=L aser Run F= Furnace Run 
South  o f  Denali Fault
311A ST H O #Ll
W eighted average o f  J  from  standards =  3 571 e-03 +/- 1
C um ulative 40A r/39A r
39A r m easured
500 0 01 1839 56
750 0 02 59 53
1000 0 03 32 43
1250 0 05 64 72
1500 0 07 20 69
2000 0 14 18 95
2500 0 36 12 06
3000 0 68 6 6 4
4000 0 94 6 30
5000 0 98 6 57
6000 0 99 7 3 1
9000 1 00 7 43
0 00 0 0002 0 00
0 00 0 0001 0  00
0 00 0 0000 0  00
0 00 0 0033 0 00
0 00 0 0000 0 00
2R  19
Kr +/- 36A r/39A r
1 m easured
1 68 0 0995 6 28
0  38 0 0531 0 18
0 35 0 0 5 1 7 0 09
0 85 0 0473 0  20
2 17 0 0597 0 05
7 11 00551 0 05
8 50 0 0663 0 02
8 39 0 1456 0 01
9 17 0 1243 0 00
11 33 0 1417 0 01
1201 0 2590 0 01
11 03 0 1866 0  00
0010 02
0 03
0 04
0 02
656e-05
39 29
0 70
0 29
0 97
0  23
0 14
0 080 11
0 06
0 08
0 150 11
0 0001 1031 0 00 0 00
0 0000 6 56 0 00 0 00
0 0000 4 78 0 00 0 00
0 0011 11 12 0 0 1 0 01
0 0000 12 05 0 00 0 00
% Atm ospheric Ca/K. +/- Cl/K
40A r
0 1379 100 89 3 08 0 18
0 0060 89 83 0 69 0  10
0 0056 81 59 0 63 0 09
0 0075 93 48 1 57 0 09
0 0041 72 97 3 99 0 11
0 0012 70 59 13 11 0  10
0 0007 54 76 15 69 0 12
0 0003 17 95 15 48 0 27
0 0004 9 94 16 94 0 23
0 0023 8 63 20 96 0 26
0 0079 15 72 22 22 0 48
0 0072 -0 66 20 40 0 35
0 0000 2 56 0 02 32 62 0 23
0 0000 2 58 0 02 32 88 0 24
0 0000 2 56 0 03 32 58 0 38
0 0002 2 48 0 33 31 58 4 11
0 0000 2 56 0 02 32 58 0 28
+/- 40*/39K  +/- A ge +/-
(M a) (M a)
0 0049 -16 32 11 77 -108 32 80 53
0 0020 6 05 1 68 38 57 10 59
0 0012 5 97 1 64 38 04 10 36
0 0014 4 22 2 02 27 01 12 84
0 0 0 1 2 5 59 1 19 35 69 7 53
0 0005 5 59 0 33 35 68 2 11
0 0004 5 47 0  20 34 93 1 27
0 0010 5 46 0 14 34 82 0 86
0 0007 5 69 0  12 36 27 0 77
0 0011 6 03 0 68 3 841 4 30
0 0032 6 19 2 37 39 47 14 92
0 0018 7 51 2 14 47 76 13 43
0 000 000 000 00
0 00
0 08001001001001
0 04
0 05
0 05
0 05
0 05
0 06
0 06
T able 2R  5 
continued 
Integrated
k-FELD SPA R
N orth o f  the Denali Fault
01 PAN FS#L2 FIG U RE 2R  20
W eighted average o f  J  from  standards =  3 5 7 le -0 3  +/- 1 656c-05
Laser Pow er 
(m W )
Cum ulative
39Ar
40A r/39A r
m easured
37A r/39A r
m easured
36A r/39A r h 
m easured
Integrated
400 0 01 121 65 2 59
600 0 12 6 9 1 0 02
800 0 26 5 90 0 02
1000 0 36 5 83 0  02
1300 0 44 5 89 0 03
1600 0 49 5 83 0 03
2000 0 54 5 81 0 04
2500 0 58 6 04 0  06
3000 0 62 5 99 0  04
4000 0 68 6 52 0 04
5000 0 74 6 70 0 03
6000 08 1 6 73 0 03
9000 0 89 6 67 0 03
5001 0  92 6 80 0 06
9001 1 00 6 62 0 03
7 53 0 01
0 02 0 1269 0 40
0 07 0 0093 00 1
0 09 0 0070 0 00
0 12 0 0095 0 00
0 17 0 0 1 1 8 0 00
0 22 0 0192 0 00
0 14 0 0193 0 00
0 09 0 0160 0 00
0 06 0 0250 0 00
0 04 0 0109 0 00
0 04 0 0146 0 00
0 0 4 00101 0 0 1
0 05 0 0095 0 00
00 1 0 0277 0 01
0 02 0 0 1 0 8 0 0 1
0 08 0 0036 0 01
322AST FS#L1 FIGURE 2R21
0 0005 76 02 15 14 O i l  0 05 0 0004 5 44 0 13 34 73 0 81
%  A tm ospheric C a/K  +/- C l/K
40A r
0 0193 97 64 0 03 0 23
0 0007 33 18 0 13 0 02
0 0005 13 99 0 16 0 01
0 0007 13 43 0 2 1 0 02
0 0011 19 98 0 32 0 02
0 0015 16 42 0 40 0 04
0 0016 21 29 0 27 0 04
0 0031 -1 68 0 16 0 03
0 0030 4 50 0 11 0 05
0 0021 7 96 0 07 0 02
0 0020 18 13 0 07 0 03
0 0017 25 48 0 08 0 02
0 0016 15 26 0 09 0 02
0 0024 31 44 0 03 0 05
0 0015 27 01 0 03 0 02
0 0004 32 55 0 15 00 1
+/- 40*/39K  +/- A ge +/-
(M a) (M a)
0 0033 2 86 5 10 18 36 32 54
0 0002 4 59 0 22 29 36 1 39
0 0001 5 05 0 15 32 24 0 98
0 0002 5 03 0 22 32 09 1 39
0 0002 4 69 0 33 29 96 2 07
0 0004 4 85 0 44 30 98 2 80
0 0005 4 55 0 47 29 06 2 98
0 0006 6 12 0 91 38 98 5 76
0 0008 5 69 0 89 3631 5 63
0 0004 5 97 0 61 38 07 3 83
0 0004 5 46 0 58 34 84 3 65
0 0004 4 99 0 49 31 89 3 09
0 0004 5 63 0  49 35 91 3 07
0 0006 4  64 0  70 29 67 4  45
0 0003 4 8 1 0 43 30 73 2 75
0 0001 5 06 0 12 32 32 0 80
0010 000 000 000 000 000 000 000 000 000 000 000 000 000 00
0 00
Tabic 2R 5 continued
W eighted average o f  J from standards =  3 41 lc-03  +/- 1 051e-05
Laser Pow er C um ulative 40A r/39A r +/■ 37A r/39A r +/- 36A r/39A r
(m W ) 39A r m easured m easured m easured
400 0 01 96 20 0 59 0 06 0 0050 0 31
600 0 05 12 65 0 03 0 05 0 0009 0  03
800 0  11 7 14 0 03 0 02 0 0009 0 01
1000 0 15 5 99 0 03 0 01 0 0006 0 00
1300 0 20 6 59 0 03 0 0 1 0 0006 0 00
1600 0 24 6 37 0 04 0 01 0 0010 0 00
2000 0  28 6 35 0 04 0 0 1 0  0030 0 00
2500 0 31 6 76 0 05 0 01 0 0014 0 01
3000 0 34 6 30 0 06 0 02 0 0017 0 01
4000 0 38 6  94 0 03 0 02 0 0013 0 01
5000 0 43 7 08 0 04 0 02 0 0 0 1 3 0 01
6000 0 49 721 0  02 0 02 0 0008 0 01
9000 0 53 7 23 0  04 0 0 1 0 0013 0 0 1
9001 1 00 6 76 0 03 001 0  0002 0 01
Integrated 7 74 0 02 001 0 0002 0 0 1
DT45 FS#F1 FIG U RE 2R  22
W eighted average o f  J  from  standards =  3 571c-03 +/- 1 656c-05
Tem p C um ulative 40A r/39A r +/• 37A r/39A r +/- 36A r/39A r
(deg  C) 39A r m easured m easured m easured
300 0 00 740 53 13 58 0 01 0 0292 2 34
300 0  00 386 69 6 09 0 04 0 0362 1 10
350 0 00 161 01 1 57 0 0 1 0 0 1 2 4 0 25
%  A tm ospheric C a/K  +/- 
40Ar
0 0032 93 97 0 11 00 1
0 0009 63 32 0 08 0 00
0 0006 34 25 0 04 0 00
0 0005 15 14 0 02 0 00
0 0003 22 31 0 02 0 00
0 0005 1 6 8 8 0 02 0 00
0 0005 22 10 0 03 0 01
0 0005 30 08 0 02 0 00
0 0007 25 88 0 03 0 00
0 0004 29 92 0 03 0 00
0  0005 34 17 0 03 0 00
0 0004 32 06 0 03 0 00
0 0005 35 02 0 02 0 00
0 0001 22 24 0 02 0 00
0 0001 34 69 0 03 0 00
%  A tm ospheric C a/K  +/- 
40Ar
0 0488 93 57 0 02 0 05
0 0200 84 18 0 07 0 07
0 0034 45 02 0 01 0 02
+/- 40*/39K  +/- Age +/-
(M a) (M a)
0 0006 5 80 0 80 35 37 4 85
0 0001 4 63 0 27 28 26 1 62
0 0001 4 68 0 16 28 56 0 99
0 0001 5 06 0 14 30 86 0 85
0 0001 5 10 0 10 31 10 0 62
0 0002 5 27 0 14 32 16 0 84
0 0002 4 92 0 15 30 04 0 89
0 0002 4 70 0 15 28 72 0 89
0 0002 4 65 0 2 1 28 36 1 25
0 0001 4 84 0 13 29 55 081
0 0002 4 64 0 14 28 32 0 85
0 0001 4 88 0 11 29 78 0 64
0 0001 4 68 0 16 28 57 0 97
0 0000 5 24 0 03 31 94 0 18
0 0000 5 04 0 03 30 73 0 20
40V 39K  +/- Age
(M a)
+/-
(M a)
0 0018 47 63 9 70 283 43 53 41
0 0009 61 17 3 54 356 47 18 74
0 0006 88 50 1 45 495 47 7 08
Cl/K
0 000 000 000 000 000 000 000 000 000 000 000 000 000 00
0 00
Cl/K
0 020 02
0 03
o
Table 2R  5 
continued
350 0 00 78 26 0  85 0  02 0 0454 0 24 0 0052
400 0 00 77 94 0 42 0 02 0 0048 0 10 0 0015
400 0 00 12 95 0 08 001 0 0052 0 04 0 0008
450 0 01 25 14 0 13 001 0 0028 0 04 0 0006
450 0 0 1 5 68 0 02 0 02 0 0024 0 01 0 0004
500 0 02 13 88 0 07 0 02 0 0 0 1 0 0 02 0 0003
500 0 02 4  19 0 0 1 0  02 0 0027 0 01 0 0003
550 0 03 6 87 0 03 0 03 0 0011 0 01 0 0002
550 0 04 4 08 0 02 0 04 0 0020 0 0 1 0 0002
600 0 05 9 53 0 05 0 04 0 0012 0 02 0 0002
600 0 05 3 48 0 02 0 05 0 0014 0 00 0 0001
650 0 06 4 0 1 00 1 0 04 0 0011 0 00 0 0001
650 0 07 3 39 00 1 0 02 0 0013 0 00 0 0001
700 0  08 3 34 0 02 0 02 0 0010 0  00 0 0001
700 0 09 3 16 0 0 1 0 02 0 0009 0 00 0 0001
750 0 09 3 70 0 03 0 01 0 0011 0 00 0 0002
750 0  10 5 22 0 02 0 0 1 0 0010 0 01 0 0002
800 0 10 4  23 0 02 0 0 1 0 0016 0 0 1 0 0002
800 0 11 3 84 0 02 0 0 1 0 0011 0 00 0 0002
850 0 12 4 59 0 02 0 02 0  0026 0 00 0 0002
850 0 12 4 32 0 01 001 0 0 0 1 7 0 00 0 0002
900 0 13 5 81 0 02 001 0 0010 0 01 0 0002
950 0 14 6 33 0 04 0 0 1 0 0009 0 0 1 0 0001
1000 0 17 6 22 0 0 1 001 0 0004 00 1 0 0001
1000 0 21 5 38 0 0 1 0 0 1 0 0003 0 00 0 0000
1000 0 24 5 22 0 0 1 0 0 1 0 0003 0 00 0 0000
1050 0 27 6 01 0 02 0 0 1 0 0003 0 00 0 0000
1050 0 32 5 45 0 02 0 0 1 0  0002 0 00 0 0000
1050 0 36 5 30 0 0 1 0 0 1 0  0003 0 00 0 0000
91 69
39 01
81 53
41 25
64 06
37 78
51 82
36 57
47 33
51 94
31 43
25 07
18 85
22 05
19 57
30 20
46 19
36 32
25 23
32 09
26 00
32 39
30 20
24 83
16 72
13 82
1441
12 46
10 78
0 03 0 08 0 00 0 0008
0 03 0 0 1 0 02 0 0002
0 02 00 1 0 00 0 0002
0 02 00 1 0 01 0 0001
0 03 0 00 0 00 0 0001
0 03 0 00 0 00 0 0000
0 04 0 00 0 00 0 0001
0 05 0 00 0 00 0 0001
0 07 0 00 0 00 0 0000
0 08 0 00 0 00 0 0000
0 08 0 00 0 00 0 0001
0 07 0 00 0 00 0 0000
0 03 0 00 0 00 0 0000
0 03 0 00 0 00 0 0001
0 03 0 00 0 00 0 0000
0 03 0 00 0 00 0 0000
0 02 0 00 0 00 0 0000
0 03 0 00 0 00 0 0001
0 02 0 00 0 00 0 0000
0 03 0 00 0 00 0 0001
0 02 0 00 0 00 0 0001
0 02 0 00 0 00 0 0000
0 02 0 00 0 00 0 0000
0 0 1 0 00 0 00 0 0000
0 0 1 0 00 0 00 0 0000
0 0 1 0 00 0 00 0 0000
0 0 1 0 00 0 00 0 0000
0 0 1 0 00 0 00 0 0000
001 0 00 0 00 0 0000
1 41 41 41 8 85
0 52 282 79 2 86
0 24 15 31 1 54
0 19 92 61 1 19
0 11 13 03 0 73
0 10 54 67 0 60
0 08 12 87 0 48
0 06 27 75 0 40
0 06 13 70 0 36
0 07 29 17 041
0 04 15 16 0 28
0 04 19 09 0 24
0 03 17 46 0 21
0 04 16 53 0 25
0 04 16 15 0 26
0 06 16 45 0 37
0 05 1791 0 29
0 05 17 16 0 35
0 06 18 28 0 36
0 05 19 82 0 32
0 05 20 35 0 30
0 06 25 00 0 39
0 05 28 11 0 29
0 02 29 72 0 14
0 02 28 46 0 11
0 02 28 57 0 10
0 02 32 66 0 1!
0 02 30 30 0 12
0  02 30 02 0 10
6 50
47 52
2 39
14 75
2 03
8 612 00
4 34
2 14
4 56
2 36
2 98
2 72
2 58
2 52
2 57
2 792 68
2 85
3 09
3 18
3 91
4 40
4 65
4 45
4 47
5 11
4 74
4  70
Table 2R  5 
continued
1100 0 40 5 59 0 0 1 0 0 1 0 0002 0 00
1200 0 86 5 56 0 0 1 0 00 0  0000 0  00
1600 1 00 5 67 0 01 0  00 0 0001 0 00
Integrated 6 09 0 00 00 1 0 0001 0 00
37N EN  FS#F1 FIG U RE A23
W eighted average o f  J from standards =  3 493e-03 + /- 6 366e-06
Tem p C um ulative 40A r/39A r +/- 37Ar/39A r +/- 36A r/39A r
(deg C) 39A r m easured m easured m easured
300 0 00 223 20 0  77 0 00 0 0086 0 46
300 0 0 1 47 02 0 15 0 01 0 0045 0 08
350 0 02 25 50 0 09 0 01 0 0015 0 04
350 0  03 6 29 0 03 0 03 0 0023 0 0 1
400 0  03 10 88 0 07 0 03 0 0028 0 02
400 0 04 5 15 0 02 0 05 0 0022 0 0 1
450 0 04 6 15 0 06 0 06 0 0055 0 01
450 0 05 5 61 0 02 0 05 0 0017 0 01
500 0 06 7 07 0 03 0 06 0 0035 0 02
500 0  07 3 67 0 0 1 0 0 4 0  0024 0  01
550 0 08 3 48 0 03 0 02 0 0087 0 00
550 0 09 4 24 0 02 0 02 0 0015 0 00
600 0 09 3 74 0 03 0 02 0 0049 0 00
600 0  10 3 63 0 02 0 03 0 0033 0 00
650 0 11 9 02 0 04 0 03 0 0026 0  02
650 0 12 3 97 0 02 0 03 0 0014 0 00
700 0 13 4 42 0 02 0 02 0 0022 0 00
750 0  13 4 74 0 04 0 0 1 0 0124 0 0 1
0 0000 0 0000 0 0000
9 73 0 01 0 00 0 00 0 0000 5 02 0 02 32 07 0 10
8 36 0 01 0 00 0 00 0 0000 5 07 0 01 32 36 0 04
15 65 0 01 0 00 0 00 0 0000 4 76 0 01 30 39 0 08
0 0000 19 04 0 01 0 00
%  A tm ospheric C a/K  +/- Cl/K
40Ar
0 0035 60 65 -0 01 0 02
0 0005 50 70 0 02 0 01
0  0002 48 27 0 02 0 00
0 0003 70 43 0 05 0 00
0 0003 55 68 0 06 0 01
0 0002 64 45 0 09 0 00
0 0003 59 26 0 10 0 01
0 0002 66 67 0 10 0 00
0 0003 68 15 O i l 0 01
0  0001 42 51 0  07 0  00
0 0003 19 77 0 04 0 02
0 0001 26 23 0 05 0 00
0 0003 21 71 0 04 001
0 0001 26 72 0 05 0 01
0 0004 69 92 0 05 0 00
0 0001 32 21 0 05 0 00
0 0002 32 21 0 03 0 00
0 0002 32 53 0 03 0 02
0 0 0 0 0  4 9 0  0 0 0  31 32 0 15
+/- 40*/39K  +/- A ge +/-
(M a) (M a)
0 0004 8781 0 98 482 60 4 75
0 0001 23 16 0 14 140 35 0 82
0 0001 13 18 0 07 81 17 0 43
0 0001 1 85 0 09 11 63 0 55
0 0001 4 81 0 09 30 05 0  56
0 0000 1 82 0 05 1143 0 32
0 0001 2 49 0  10 15 63 0 61
0 0000 1 86 0 05 11 68 0 31
0 0001 2 24 0 08 14 07 0 51
0 0000 2 09 0  03 13 14 0  20
0 0001 2 77 0 10 17 35 0 60
0 0000 3 10 0 03 19 46 0 19
0 0001 2 90 0 11 18 19 0 66
0 0000 2 64 0 04 16 53 0 26
0 0001 2 70 0 11 169 6 0 70
0 0000 2 67 0 03 16 76 0  19
0 0001 2 98 0 05 18 66 0 34
0 0001 3 18 0 08 19 90 0 48
0 00
0 020 010 000 000 000 000 000 000 000000 000 000 000 000 000 000 000 00
to to
T able 2R 5 
continued 
750 0 14 5 23 0 02 0 0 1 0 0031 0 01
800 0  15 6 02 0 03 0 02 0 0021 0 0 1
800 0  16 4 97 0 02 0 01 0 0019 0 01
850 0 17 5 21 0 02 0 02 0 0042 0 01
850 0 18 4 90 0 02 0 02 0 0021 0 0 1
900 0 19 5 70 0 03 0 02 0 0 0 1 9 0 0 1
950 0 21 5 61 0 02 0  02 0 0010 0 00
1000 0 26 5 44 0 02 0 01 0 0004 0  00
1000 0 33 5 03 0 02 0 01 0 0002 0 00
1000 0 38 5 08 0 02 0 01 0 0003 0 00
1050 0 42 5 74 0 0 1 0 0 1 0 0008 0 00
1050 0 47 5 63 0 02 0 0 1 0 0003 0 00
1050 0 52 11 33 0 06 0 0 1 0 0003 0 02
1200 0 98 5 73 0 01 0 0 1 0  0001 0 00
1600 1 00 11 72 0 03 0 12 0 0013 0  02
ated 6 77 0 00 0 0 1 0 0001 00 1
32N EN  FS#F1 F IG U R E 2R  24
W eighted average o f  J from  standards =  3 493e-03 +/- 6  366e-06
S tep T (C ) t (m m ) 39A r (m ol) +/- Cum  39A r A ge (M a) +/-
1 350 00 12 00 0 00 0 00 0 0726 90 07
2 350 00 40 00 0 00 0 00 0 1767 139 26
3 400 00 12 00 0 00 0 00 0 3580 84 99
4 400 00 40 00 0  00 0  00 0 5694 12 76
5 450 00 12 00 0  00 0 00 1 1829 46 95
6 450 00 40 00 0 00 0 00 1 7471 8 40
7 500 00 12 00 0 00 0 00 2 4027 7 84
0 0001 37 47 0 02 0 0 1
0 0002 41 18 0 03 0 00
0 0001 30 39 0 02 0 00
0 0001 31 81 0 03 0 01
0 0001 30 76 0 03 0 00
0 0001 31 25 0 04 0 00
0 0001 24 50 0 03 0 00
0 0000 18 36 0 02 0 00
0 0000 14 98 0 02 0 00
0 0000 13 06 0 0 1 0 00
0 0000 11 87 0 02 0 00
0 0000 11 66 0 02 0 00
0 0002 57 43 0 02 0 00
0 0000 6 70 0 01 0 00
0 0001 44 88 0 21 0 00
0 0000 25 46 0 03 0 00
Model Age Cl age +/-
3 6600 3 66 7 28 3 66
3 4800 3 48 7 28 3 48
1 6200 1 62 7 28 1 62
0 8500 0 85 7 28 0  85
0 4200 0 42 7 28 0 42
0 2900 0 29 7 28 0 29
0 2900 0 29 7 28 0 29
0 0000 3 25 0 04 20 37 0 27
0 0000 3 52 0 05 22 07 0 31
0 0000 3 44 0 04 21 55 0 24
0 0000 3 53 0 04 22 12 0 22
0 0000 3 37 0 03 21 13 0 17
0 0000 3 90 0  04 24 39 0 28
0 0000 4 22 0  03 26 37 0 17
0 0000 4 42 0 02 27 65 0  13
0 0000 4 25 0 02 26 59 0 10
0 0000 4 39 0 02 27 45 0 12
0 0000 5 03 0 01 31 44 0 09
0 0000 4  95 0 02 30 92 0 11
0 0000 4 8 1 0 06 30 07 0 35
0 0000 5 32 0 0 1 33 21 0 04
0 0000 6 45 0  03 40 17 0 20
0 0000 5 02 0 0 1 31 36 0  07
0 000 000 000 000 000 000 000 000 000 000 000 000 000 000 00
0 00
Table 2R  5 
continued
8 500 00 40 00 0 00
9 550 00 12 00 0 00
10 550 00 40 00 0 00
11 600 00 12 00 0 00
12 600 00 40 00 0 00
13 650 00 12 00 0 00
14 650 00 40 00 0  00
15 700 00 12 00 0  00
16 700 00 40 00 0  00
17 750 00 12 00 0  00
18 750 00 40 00 0  00
19 800 00 12 00 0 00
20 800 00 40 00 0 00
21 850 00 12 00 0 00
22 850 00 40 00 0 00
23 900 00 12 00 0 00
24 950 00 12 00 0 00
25 1000 00 12 00 0  00
26 1000 00 40 00 0 00
27 1000 00 60 00 0 00
28 1050 00 12 00 0 00
29 1050 00 40 00 0 00
30 1050 00 60 00 0 00
31 1075 00 12 00 0 00
32 1100 00 12 00 0 00
33 1200 00 12 00 0 00
34 1600 00 40 00 0 00
0 00 3 1005 7 28 0 2400
0 00 4  1263 15 79 0 2500
0 00 5 0050 7 45 0 2200
0 00 6 5598 20 53 0  2400
0 00 7 7467 8 01 0 1200
0 00 8 9962 1091 0 1100
0 00 9 7627 11 73 0 1700
0 00 10 3926 9 59 0 2200
0 00 11 1267 9 63 0 1600
0 00 11 7868 9 88 0 2700
0 00 12 7606 10 34 0 1500
0 00 13 6988 11 88 0 1500
0 00 14 9349 12 54 0 1400
0 00 16 1319 14 92 0 1300
0  00 17 8026 14 87 0 1500
0 00 19 8026 17 58 0 1300
0 00 24 4570 17 55 0 0600
0 00 33 4985 18 25 0 0900
0 00 41 6534 1931 0 0800
0 00 46 5471 21 61 0 0900
0 00 50 6085 23 89 0 1100
0 00 5 6 2 1 2 4 24 34 0 1100
0  00 60 1605 25 52 0 1000
0 00 62 0542 26 91 0 1400
0 00 67 0002 27 47 0 1000
0  00 96 8531 28 25 0 0300
0  00 99 9900 29 97 0 2700
02DEB FS#F2 FIGURE 2R 25
0 24
0 250 22
0 240 120 11
0 170 22
0 16
0 27
0 15
0 15
0 14
0  13
0 15
0 13
0 06
0 09
0 08
0 090 110 110 10
0 140 10
0 03
0 27
7 28 0 24
7 37 0 25
7 45 0 22
7 73 0 24
801  0 128 88 Oil
8 88 0 17
9  59 0 22
9 63 0 16
9 88 0 27
1 0 3 4  0 15
11 88 0 1 5
12 54 0 14
14 92 0 13
14 92 0 15
17 58 0 13
17 58 0 06
18 25 0 09
1931 0 0 8
216 1  0 0 9
23 89 O i l
24 34 O i l
25 52 0 10
26 91 0 14
27 47 0 10
28 25 0 03
29 97 0 27
4^
T able 2R  5 
continued
W eighted average o f  J  from standards =  3 579e-03 + /-1  
Tem p C um ulative 40A r/39A r +/-
(deg C) 39A r m easured
300 00 1 4 1 801
300 00 1 29 10
350 0 03 20 47
350 0 04 7 22
400 0 05 9 50
400 0 06 8 15
450 0 08 11 15
450 0 09 6 86
500 0 10 10 64
500 0 12 4  24
550 0 12 -2 14
550 0 13 6 2 1
600 0 13 1 60
600 0 14 5 43
650 0 14 3 31
650 0 15 5 47
700 0 15 0 98
700 0  16 4 79
750 0 16 3 08
750 0 17 6 00
800 0 18 6 05
800 0 20 5 57
850 0 21 5 56
850 0 22 6 63
900 0  23 8 49
950 0 25 10 06
37A r/39A r +/- 36A r/39A r +/-
m easured  m easured
0 05 0 0333 0 84
0 12 0 0169 0 05
0 42 0 0140 0 02
0 70 0 0 1 5 5 0  02
1 12 0 0 161 0 0 1
1 32 0 0 1 8 4 0 0 1
1 87 0 0220 00 1
1 37 0 0209 0 02
0 44 0 0209 0 02
0 05 0 0102 0 01-0 11 0 1281 -0 01
0 00 0 0222 0 0 1
-0 04 0 0664 0 00
0 00 0 0255 0 0 1
-0 01 0 0313 0 00
-0 01 0 0231 00 1
0 07 0  0566 -0 01
0 00 0 0 3 1 0 0 01
0 01 0 0391 0 00
0 00 0 0 1 1 3 0 01
0 02 0 0196 0 01
0 01 0 0 111 0 01
0 04 00161 0 00
0 00 0 0 1 2 7 001
0 0 1 0 0 1 7 2 0 00
0 00 0 0 1 1 4 0 00
276e-05
3 08
0 20
0 16
0 04
0 04
0 04
0 04
0 03
0 05
0 02
0 10
0 04
0 05
0 04
0 04
0  04
0 06
0 05
0 06
0 02
0  04
0  02
0 03
0 03
0 04
0 04
%  Atm ospheric C a/K  +/- C l/K  
40A r
0 0078 59 68 0 09 0 06
0 0010 50 97 0 2 1 0 03
0 0004 32 32 0 78 0 03
0 0004 68 53 1 28 0 03
0 0003 32 93 2 06 0 03
0 0003 48 34 2 43 0 03
0 0003 36 29 3 44 0 04
0 0004 67 55 2 51 0 04
0 0004 45 04 0 80 0 04
0 0003 46 09 0 09 0 02
0 0030 162 95 -0 20 0 24
0 0006 46 47 0 00 0 04
0 0014 -89 78 -0 07 0 12
0 0006 47 06 -0  01 0 05
0 0007 -6 19 -0  01 0 06
0 0005 50 62 -0  01 0 04
0 0011 -170 08 0 13 0 10
0 0005 51 13 0 00 0 06
0 0008 -10 09 0 02 0 07
0  0003 40 91 0 01 0 02
0 0005 38 21 0 03 0 04
0 0002 38 29 0 02 0 02
0 0004 12 16 0 08 0 03
0 0002 24 62 -0 01 0 02
0 0004 11 25 0 02 0 03
0 0002 12 99 -0 01 0 02
+/- 40*/39K  +/- A ge +/-
(M a) (M a)
0 0005 168 55 1 89 851 64 7 62
0 0001 14 25 0 33 89 76 2 02
0 0001 13 84 0 16 87 22 1 01
0 0001 2 26 0 12 14 56 0 78
0 0001 6 36 0 10 40 58 0 63
0 0001 4  20 0 09 26 90 0 59
0 0001 7 09 0 09 45 22 0 58
0 0001 2 22 0 11 14 28 0 67
0 0001 5 83 0 13 37 29 0 83
0 0001 2 27 0 08 14 59 0 51
0 0005 1 36 0 88 8 78 5 65
0 0001 3 31 0 18 21 25 1 12
0 0003 2 99 0  42 19 18 2 66
0 0001 2 86 0 18 18 37 1 17
0 0002 3 48 0 20 22 32 1 29
0 0001 2 68 0 16 17 25 1 03
0 0002 2 56 0 34 16 44 2 15
0 0001 2 32 0 17 14 95 1 06
0 0002 3 36 0 25 21 54 1 56
0 0001 3 53 0 08 22 64 0 53
0 0001 3 72 0 14 23 86 0 9 !
0 0001 3 42 0 07 21 95 0 47
0 0001 4 86 0 13 31 10 0 80
0 0001 4 98 0 08 31 86 0 48
0 0001 7 51 0 11 47 82 0 68
0 0001 8 73 0 07 55 52 041
0 030 000 000 000 000 000 000 000 000 000 000 000 00
0 00
0 00
0 00
0 00
0 000 000 000 000 000 000 00
0 00
0 00
K>
Tabic 2R 5 
continued 
1000 0  28 11 30 0 07 -0 01 0 0065 0 00
1000 0 33 10 73 0 05 0  00 0 0036 0 00
1000 0 38 10 60 0 06 0 01 0 0080 0 00
1050 0 40 10 87 0 05 0 00 0 0050 0 00
1050 0 45 104 8 0 05 0 00 0 0036 0 00
1050 0 49 11 15 0  05 -0 01 0 0045 0 01
1100 0 52 11 42 0 06 -0 01 0 0051 0 00
1200 0 75 12 02 0 03 0  00 0 0006 0 00
1600 1 00 12 95 0 03 0  00 0 0006 0 0 1
Integrated 13 41 0 0 1 0  09 0 0011 0 01
24D EB  FS#F1 FIGURE 2R  26
W eighted average o f  J from standards =  3 5 7 1 c-03 +/- 1 656c-05
Tem p C um ulative 40A r/39A r +/- 37A r/39A r +/- 36A r/39A r
(deg  C ) 39A r m easured m easured m easured
350 00 1 23 69 0 4 1 0 03 0 0057 0 06
350 0 02 33 72 0 20 0 03 0 0073 O i l
400 0 04 10 30 0 04 0 05 0 0026 0 02
400 0 06 14 78 0 08 0 04 0 0033 0 04
450 0 08 8 10 0 04 0 05 0 0021 0 02
450 O i l 15 49 0 12 0 06 0 0016 0 05
500 0 15 6 23 0 03 0 07 0 0029 0 01
500 0 16 9 90 0 06 0 05 0  0025 0 02
550 0 19 6 12 0 03 0  03 0 0 0 1 7 0 01
550 0 22 11 45 0 06 0 03 0 0017 0 02
600 0 25 5 89 0 03 0 07 0 0031 0 0 1
600 0 26 18 74 0 10 0 05 0 0044 0 05
0 0002 9 48 -0  01 0 0 1
0 0003 11 41 0 00 0 0 1
0 0002 13 26 0 01 0 01
0 0001 6 25 -0 01 0 01
0 0001 10 82 -0 01 0 01
0 0001 14 26 -0 01 0 01
0 0001 5 06 -0 02 0 01
0 0000 6 95 0 00 0 00
0 0001 18 26 0 00 0 00
0 0000 24 68 0 17 0 00
% A tm ospheric C a/K  + /- Cl/K 
40 Ar
0 0012 76 81 0 06 001
0 0017 95 17 0 06 0 01
0 0003 68 82 0 09 0 00
0 0006 89 02 0 08 0 01
0 0007 78 84 0 10 0 00
0 0006 89 64 0 10 0 00
0  0002 57 86 0 13 0 01
0  0003 72 25 0 08 0 00
0 0002 31 59 0 06 0 00
0 0002 59 18 0 05 0 00
0 0004 51 54 0 13 0 0 1
0 0008 86 50 0 10 0 01
0 0001 10 20 0 09 64 68 0 55
0 0000 9 48 0 10 60 22 0 61
0 0001 9 17 0 08 58 26 0 48
0 0000 10 16 0  06 64 46 0 40
0 0000 9 32 0  05 59 17 0 31
0 0000 9 54 0 06 60 55 0 35
0 0001 10 81 0 07 68 51 0 46
0 0000 11 15 0  03 70 62 0 16
0 0000 10 56 0 03 66 93 0 19
0 0000 10 08 0 02 63 92 0 25
+ /- 40*/39K  +/- A ge +/-
(M a) (M a)
0 0002 5 49 0 44 35 02 2 75
0 0001 1 63 0 49 10 45 3 13
0 0001 3 20 0 10 20 52 0 62
0 0001 1 62 0 18 1041 1 17
0 0001 1 71 0 20 10 97 1 28
0 0001 1 60 0 17 10 30 1 11
0 0000 2 61 0 06 16 76 0 40
0 0001 2 74 0 10 17 56 0 63
0 0001 4 17 0  07 26 64 0 42
0 0001 4 66 0 08 29 78 0 49
0 0001 2 84 0 11 18 20 0 67
0 0001 2 53 0 25 16 20 1 58
0 00
0 00
0 000 000 000 000 000 000 00
0 00
0 00
0 00
0 00
0 00
0 00
0 000 000 000 000 00
0 00
0 00
N Jo\
T able 2R 5 
continued 
650 0 27 9 38 0 11 0 05 0 0077 0 02
650 0 28 18 52 0 08 0 04 0 0048 0 05
700 0 30 5 87 0 05 0 04 0  0046 0 01
700 0 32 13 70 0 05 0 03 0 0028 0 04
750 0  34 5 82 0 03 0 03 0 0029 0 0 1
750 0 37 11 65 0 04 0 03 0 0015 0 03
800 0 40 4 24 0 02 0 03 0 0 0 1 8 0 01
800 0 45 6 61 0 04 0 02 0 0009 0 01
850 0 49 5 66 0  03 0 03 0 0011 0 01
850 0 53 1001 0 04 0  03 0 0 0 1 7 0 02
900 0 54 4 37 0 04 0 05 0 0051 0 0 1
950 0  56 4 19 0 03 0 05 0 0025 0 00
1000 0 60 4 65 0 02 0 05 0 0 0 1 8 0 00
1000 0 64 9 78 0 06 0 04 0 0019 0 02
1000 0 67 15 71 0  12 0 04 0 0042 0 04
1050 0 69 6 77 0  03 0 03 0 0023 00 1
1050 0 74 9 21 0  07 0 03 0 0013 0 02
1050 0 79 12 47 0 06 0 03 0 0018 0 03
1100 0 83 6 63 0 03 0 03 0 0015 00 1
1200 0 93 6 84 0 03 0 03 0 0007 00 1
1600 1 00 27 19 0 07 0 04 0 0011 0 08
ated 1051 0 0 1 0 04 0  0004 0 02
22D EB  FS#F1 FIGURE 2R  27
W eighted average o f  J from  standards =  3 571e-03 + /- 1 656e-05
Step T (C ) t (m in) 39A r (m ol) +/- C um  39A r A ge (M a) +/-
1 388 00 14 00 0 00 0 00 0 0421 800 33
0 0012 69 07 0 09 00 1
0 0005 83 54 0 07 00 1
0 0005 59 31 0 07 0 01
0 0006 82 39 0 05 00 1
0 0005 57 93 0 06 00 1
0 0005 77 05 0 05 0 00
0 0003 43 48 0 05 0 00
0 0003 63 95 0 03 0 00
0 0002 54 40 0 06 0 00
0 0003 73 01 0 06 0 00
0 0005 34 03 0 09 001
0 0002 24 38 0 10 0 00
0  0003 24 53 0 08 0 00
0  0003 64 58 0 07 0 00
0 0006 75 75 0 07 0 01
0 0003 39 81 0 06 0 00
0 0002 55 68 0 06 0 00
0 0003 67 21 0 05 0 00
0 0002 35 63 0 05 0 00
0 0001 384 1 0 06 0 00
0 0004 85 60 0 08 0 00
0 0001 68 64 0 07 0 00
M odel Age C l age +/-
10 7900 10 79 6 85 10 79
0 0002 2 89 0 35 18 54 2 22
0 0001 3 04 0 16 19 50 1 03
0 0001 2 38 0 17 15 24 1 07
0  0001 2 41 0 16 15 44 1 05
0 0001 2 43 0 14 15 62 0 88
0 0001 2 67 0 13 170 9 0 86
0 0001 2 38 0 09 15 28 0 60
0 0000 2 37 0 08 15 22 0 52
0 0000 2 57 0 07 164 8 0 45
0 0000 2 69 0 08 17 27 0 52
0 0001 2 87 0 16 18 37 0  99
0 0001 3 14 0 08 20 15 0 48
0 0001 3 49 0 09 22 34 0  60
0 0001 3 45 0 09 22 11 0 55
0 0001 3 80 0  18 24 34 1 14
0 0001 4 06 0 08 25 95 0 53
0 0000 4 07 0 07 26 02 0 46
0  0001 4  08 0 10 26 10 0 64
0  0001 4  25 0 06 27 16 0 41
0 0000 4  20 0 03 26 84 0 21
0 0000 3 91 0 10 25 03 0 63
0 0000 3 29 0 02 21 06 0 16
0 000 000 000 000 000 000 000 00
0 000 00
0 00
0 00
0 000 000 000 000 00
0 00
0 00
0 00
0 00
0 00
to-o
Tabic 2R 5 
continued 
2 371 00 41 00 0 00
3 435 00 13 00 0 00
4 421 00 40 00 0 00
5 485 00 13 00 0 00
6 471 00 40 00 0 00
7 535 00 13 00 0 00
8 522 00 40 00 0 00
9 588 00 12 00 0 00
10 571 00 40 00 0 00
11 637 00 12 00 0 00
12 623 00 40 00 0 00
13 685 00 13 00 0  00
14 671 00 40 00 0 00
15 736 00 12 00 0 00
16 721 00 40 00 0 00
17 783 00 12 00 0 00
18 770 00 40 00 0 00
19 834 00 12 00 0 00
20 824 00 40 00 0 00
21 883 00 12 00 0 00
22 870 00 40 00 0 00
23 931 00 12 00 0 00
24 980 00 12 00 0 00
25 1015 00 12 00 0 00
26 1008 00 40 00 0 00
27 1006 00 60 00 0  00
28 1061 00 12 00 0  00
29 1056 00 40 00 0 00
30 1056 00 60 00 0 00
0  00 0 0691 159 65 16 1500
0 00 0 1567 269 91 3 9800
0 00 0 2 6 1 9 26 77 2 8200
0 00 0 5272 66 64 1 2300
0 00 0 8400 9  16 1 0800
0  00 1 4225 29 00 0 5800
0 00 1 9737 7 36 0 4800
0 00 2 8952 14 76 0 2700
0 00 3 9694 7 07 0 2600
0  00 5 4505 1921 0 3800
0 00 7 4160 6 85 0 1500
0 00 9  4076 9 79 0 1200
0 00 11 6049 9 64 0 1100
0 00 13 1675 9 67 0 1300
0 00 14 7610 7 68 0 1300
0  00 16 0041 9 02 0 1000
0 00 17 4461 8 52 0 1200
0 00 18 6284 10 43 0 2600
0 00 19 6292 9 59 0 1600
0 00 20 3617 11 26 0 3300
0 00 21 5865 11 73 0 2200
0 00 22 6121 14 23 0  4000
0 00 25 7339 17 44 0 1800
0 00 27 2675 18 65 0 1300
0  00 30 9644 21 07 0 1100
0 00 34 0756 21 89 0 1300
0 00 36 7647 22 64 0 1600
0 00 44 8164 22 20 0 0700
0 00 50 9240 23 96 0 0700
16 15
3 98
2 82
1 23
1 08
0 58
0 48
0 27
0 26
0 38
0 15
0 12
0 11
0 13
0 13
0 10
0 12
0 26
0 16
0 33
0 22
0 40
0 18
0 13
0  11
0 13
0 16
0 07
0 07
6 85 3 98
6 85 2 82
6 85 1 23
6 85 1 08
6 85 0 58
6 85 0 48
6 85 0 27
6 85 0 26
6 85 0 38
6 85 0 15
7 27 0 12
7 27 O i l
7 27 0 13
7 68 0 13
8  10 0  10
8 52 0 12
9 06 0 26
9 59 0 16
11 26 0 33
11 73 0 22
14 23 0 40
17 44 0 18
1 8 6 5  0 13
2 1 0 7  O i l
21 89 0 13
22 64 0 16
22 64 0 07
23 96 0 07
6 85 16 15
K>00
Tabic 2R  5 
continued
31 1111 00 12 00 0 00 0 00 55 3437 26 75
32 1200 00 12 00 0  00 0 00 91 4722 33 12
33 1553 00 60 00 0 00 0 00 99 9900 27 31
03B A L FS#F1 FIGURE 2R 28
W eighted average o f  J from standards =  3 507c-03 +/- 1 639e-05
T (C) t (mm) 39A r (m ol) +/- C um  39A r A ge (M a)
1 321 00 41 00 0 00 0 00 0  0223 701 83
2 382 00 14 00 0 00 0 00 0 0720 790 34
3 370 00 41 00 0 00 0 00 0 1201 37 21
4 436 00 12 00 0 00 0 00 0 2903 104 31
5 421 00 40 00 0  00 0 00 0 5107 13 73
6 485 00 13 00 0 00 0 00 0 7370 22 99
7 469 00 40 00 0 00 0 00 1 5646 15 01
8 534 00 12 00 0 00 0 00 2 4430 1801
9 520 00 40 00 0 00 0 00 3 5615 11 14
10 582 00 12 00 0 00 0  00 5 5224 19 38
11 569 00 40 00 0 00 0 00 7 5852 13 36
12 631 00 12 00 0 00 0 00 9 2937 14 77
13 619 00 40 00 0 00 0 00 11 1685 14 88
14 679 00 12 00 0 00 0 00 12 8640 15 13
15 667 00 40 00 0 00 0 00 14 7306 14 85
16 729 00 12 00 0 00 0 00 15 9633 1623
17 718 00 40 00 0 00 0 00 17 7256 15 36
18 778 00 12 00 0 00 0 00 19 2560 16 06
19 766 00 40 00 0 00 0 00 21 1849 16 44
20 828 00 12 00 0 00 0  00 22 8402 16 69
21 816 00 40 00 0 00 0 00 25 5365 1701
0 3000 
0 0400 
0 1000
0 04 33 12 0 04
0 10 33 12 0 10
0 30 26 75 0 30
M odel Age
22 0000 
10 3500 
8 4900 
3 7700 
2 3900 
2 6600 
0 6400 
0 8300
0 4500
1 1900 
0 3600 
0 3000 
0 3000 
0 3000 
0 3700 
0 4100 
0 3000 
0 3500 
0 2600 
0 3000 
0 2200
Cl age +/-
13 36 0 36
13 36 0 36
13 36 0 36
13 36 0 36
13 36 0 36
13 36 0 36
13 36 0 36
13 36 0 36
13 36 0 36
13 36 0 36
13 36 0 36
14 77 0 30
14 88 0 30
15 13 0 30
14 85 0 37
15 11 0 4 1
15 36 0 30
16 06 0 35
1 64 4 0 26
16 69 0 30
1701 0 22
22 00
10 35
8 49
3 77
2 39
2 66
0 64
0 83
0 45
1 19
0 36
0 30
0 30
0 30
0  37
0 41
0 30
0 35
0 26
0 30
0 22
K>
VO
T able 2R  5 
continued 
22 877 00 12 00 0 00 0 00 27 4078 17 82
23 867 00 40 00 0 00 0 00 30 4014 1758
24 925 00 12 00 0 00 0 00 32 7991 19 12
25 976 00 12 00 0 00 0 00 36 6839 19 78
26 1028 00 12 00 0 00 0 00 42 2753 21 36
27 101500 40 00 0 00 0 00 51 3528 20 89
28 1011 00 60 00 0 00 0 00 60 2379 20 90
29 1071 00 12 00 0 00 0 00 65 5696 22 71
30 1064 00 40 00 0  00 0 00 71 9592 22 93
31 1061 00 60 00 0 00 0  00 76 1928 23 35
32 1123 00 12 00 0 00 0 00 78 5363 26 04
33 1226 00 12 00 0 00 0 00 95 0496 28 49
34 1567 00 60 00 0 00 0 00 99 9900 28 53
L  F S # F 1 FIGURE 2R  29
tiled average o f  J from standards = 7 125e-03 +/- 1 903e-05
T (C ) t (mm) 39A r (m ol) +/- Cum  39Ar A ge (M a)
1 324 00 42 00 0 00 0  00 0 0492 -13 83
2 389 00 14 00 0 00 0  00 0 1606 92 37
3 371 00 41 00 0 00 0 00 0 3597 12 12
4 437 00 14 00 0 00 0 00 0 9835 14 40
5 423 00 41 00 0 00 0 00 1 5759 9 98
6 489 00 13 00 0 00 0 00 2 9637 10 07
7 473 00 41 00 0 00 0 00 4  2610 7 46
8 537 00 13 00 0  00 0  00 6 3 1 0 3 9 08
9 522 00 41 00 0  00 0 00 7 5293 12 05
10 585 00 13 00 0 00 0  00 10 5271 16 52
11 572 00 41 00 0 00 0  00 13 5305 12 90
0 2600 
02100  
0 2600 
0  1900 
0  2200 
0 J 3 0 0  
0 1300 
0 1700 
0 2000 
0 2500 
0 2200 
0 0800 
0 2000
M odel Age
42 1900 
15 4400 
10 4400
2 7300
3 6300 
1 3300 
1 6800 
1 7700
1 7100
2 1800 
0 6800
17 82 0 26
1758 021
19 12 0 26
19 78 0 19
21 36 0 22
20 89 0 13
20 90 0 13
22 71 0 17
22 93 0 20
23 35 0 25
26 04 0 22
28 49 0 08
28 53 0 20
Cl age +/-
9 98 3 63
9 98 3 63
9 98 3 63
9 98 3 63
9  98 3 63
10 07 1 33
7 46 1 68
9 08 1 77
12 05 1 71
12 48 2 18
12 90 0 68
0 26
021
0 26
0 19
0 22
0 J 3
0 13
0 17
0 20
0 25
0 22
0 08
0  20
42 19
15 44
10 44
2 73
3 63
1 33
1 68
1 77
1 71
2 18
0 68
U>
o
Table 2R 5 
continued 
12 635 00 13 00 0 00
13 622 00 40 00 0  00
14 684 00 13 00 0 00
15 671 00 41 00 0 00
16 736 00 12 00 0 00
17 721 00 40 00 0 00
18 785 00 13 00 0 00
19 772 00 41 00 0 00
20 834 00 13 00 0 00
21 821 00 41 00 0 00
22 885 00 12 00 0 00
23 870 00 40 00 0 00
24 935 00 13 00 0 00
25 984 00 12 00 0 00
26 1035 00 12 00 0 00
27 1019 00 40 00 0 00
28 1013 00 60 00 0 00
29 1080 00 13 00 0 00
30 1068 00 40 00 0 00
31 1063 00 60 00 0 00
32 1132 00 12 00 0 00
33 1219 00 13 00 0 00
34 1576 00 40 00 0 00
18BAL FS#F2 FIGURE 2R  30
W eighted average o f  J from standards =  3 507e-03 + /- 1 639e-05
Step T (C ) t (m m ) 39A r (m ol) +/-
1 323 00 4 1 0 0  0 00
0 00 16 0924 17 28
0 00 18 3961 17 05
0 00 19 7322 13 59
0  00 21 2628 14 52
0 00 22 5988 18 20
0 00 24 6764 17 43
0 00 26 1999 18 11
0 00 28 6713 18 81
0  00 30 4223 18 32
0 00 33 2646 18 94
0 00 35 8384 19 19
0 00 38 7695 19 42
0 00 41 1054 18 39
0 00 44 1825 21 51
0 00 48 6177 21 29
0 00 54 0435 22 37
0 00 58 0735 22 65
0  00 60 6320 24 55
0 00 65 7610 24 77
0 00 69 9369 25 39
0 00 72 4514 27 25
0 00 91 2301 27 15
0 00 99 9900 24 60
Cum  39A r A ge (M a) +/- 
0 00 0 1536 109 77
0 6900
1 2500 
1 4200 
3 0400
0  7600
1 2400 
0 8600 
0 9600 
0 9200 
0 8000 
0 6500
2 0400 
0 6700 
0 4800 
0 5600 
0 7900 
0 7800 
0 4800
0 7600
1 0 1 0 0  
0 2500 
2 2400
0 9400
M odel Age
9 3500
13 25 0 69
13 59 1 25
14 52 1 42
15 98 3 04
17 43 0 76
18 11 1 24
18 81 0 86
18 32 0 96
18 94 0 92
19 19 0 80
194 2  0 6 5
18 39 2 04
2 1 5 1  0 6 7
21 29 0 48
22 37 0 56
22 65 0 79
24 55 0 78
24 77 0 48
25 39 0 76
27 25 101
27 15 0 25
24 60 2 24
13 25 0 94
C l age +/-
8 06 9 35
0 94
0 69
1 25
1 42
3 04
0 76
1 24
0 86
0 96
0 92
0 80
0 65
2 04
0 67
0 48
0 56
0 79
0 78
0 48
0 76
1 01
0 25
2 24
9 35
T abic 2R  5 
continued 
2 387 00 13 00 0 00
3 373 00 41 00 0 00
4 437 00 13 00 0 00
5 424 00 40 00 0 00
6 488 00 13 00 0 00
7 473 00 40 00 0 00
8 537 00 120 0 0 00
9 523 00 40 00 0 00
10 588 00 13 00 0 00
11 574 00 40 00 0 00
12 605 00 12 00 0 00
13 621 00 40 00 0 00
14 680 00 12 00 0 00
15 668 00 41 00 0 00
16 733 00 12 00 0 00
17 720 00 40 00 0 00
18 783 00 12 00 0 00
19 770 00 40 00 0 00
20 832 00 12 00 0 00
21 819 00 40 00 0 00
22 886 00 12 00 0 00
23 871 00 40 00 0 00
24 934 00 12 00 0 00
25 982 00 12 00 0 00
26 992 00 12 00 0  00
27 1015 00 40 00 0 00
28 1013 00 60 00 0 00
29 1081 00 12 00 0 00
30 1065 00 40 00 0 00
0 00 0 4914 206 39 4  8300
0 00 0 8904 11 06 2 9100
0 00 2 3231 66 92 0 9300
0 00 3 9168 8 06 0 5 1 0 0
0 00 6 1337 17 87 0 6600
0 00 8 5621 10 11 0 3400
0 00 11 6724 18 42 0 3300
0 00 14 5208 8 58 0 2100
0 00 16 9074 12 03 0 8100
0  00 19 8465 9 39 0 2400
0 00 20 9035 9 91 0  4300
0 00 24 8574 11 90 0 2400
0 00 27 6609 12 88 0 2300
0 00 30 6401 11 48 0 2300
0 00 32 2314 12 17 0 3 1 0 0
0 00 34 6724 12 22 0 5200
0 00 36 3179 13 46 0 8800
0 00 38 9770 13 22 0 2700
0 00 40 5207 13 49 0 5300
0 00 42 6905 13 24 0 3100
0 00 44 2883 1481 0 4900
0  00 46 6458 1391 0 3500
0 00 48 3047 15 63 0 4 1 0 0
0 00 51 3386 15 58 0 4500
0 00 53 1073 15 08 0 3900
0 00 58 3101 15 43 0 2800
0 00 62 0920 15 72 0 3300
0 00 64 3925 17 82 0 4900
0 00 68 8270 17 63 0 2900
4  83
2 91
0 93
05 1
0 66
0 34
0 33
021
0 8 1
0 24
0 43
0 24
0 23
0 23
0 31
0 52
0 88
0 27
0 53
0 3 1
0 49
0 35
0 4 1
0 45
0 39
0  28
0 33
0 49
0 29
8 06 2 91
8 06 0 93
8 06 0 51
8 58 0 66
8 58 0 34
8 58 0 33
8 58 0 21
9 04 0 81
9 39 0 24
9 91 0 43
11 90 0 24
12 88 1 23
11 48 0 63
12 17 03 1
12 22 0 52
13 46 0 88
13 22 0 27
13 49 0 53
13 24 0 31
14 81 0 49
13 91 0 35
15 63 0 41
15 58 0 45
15 08 0 39
15 43 0 28
15 72 0 33
17 82 0 49
8 06 4 83
17 63 0 29
U>
T able 2R  5
continued
31 1061 00
32 1130 00
33 1226 00
34 1567 00
Integrated 
03 RAP FS#F1
Step T (C ) t (min)
1 389 00
2 374 00
3 443 00
4 426 00
5 494 00
6 476 00
7 543 00
8 525 00
9 592 00
10 575 00
11 642 00
12 625 00
13 690 00
14 674 00
15 739 00
16 723 00
17 788 00
18 771 00
60 00 0 00 0 00
12 00  0 00  0 00
12 00  0 00  0 00
40 00 0 00 0 00
12 26 0 01 0  03
FIGURE 2R 31
+/-
0 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00
40 00 0 00 0 00
73 1116 18 02 0 2000
77 5489 18 50 0 2600
94 7572 35 19 14 1000
99 9900 13 57 2 4300
0  0002 0  03 0 0001
C um  3 9A r A ge (M a) +/-
0 1316 600 99 4  0200
0 2428 44 94 3 8400
0 6169 158 71 1 8700
1 0653 21 76 0 8 1 0 0
1 9726 42 50 0 4900
3 0847 18 25 0 3300
4  9062 29 13 0 2400
6 9400 18 42 0 1800
9 4028 25 29 0 2500
11 6958 19 18 0 1600
13 7661 31 43 0  3200
15 8000 21 15 0 2100
17 0794 28 37 0 3300
18 2879 22 20 0 3600
19 3664 21 67 0 3200
20 7372 20 48 0 2700
21 9701 21 74 0 3400
23 6427 20 83 0 2200
W eighted average o f J  from standards =  3 571 e-03 +/- 1 656e-05
39A r (mol)
14 00 0 00
41 00 0 00 0
13 00 0 00 0
40 00 0 00 0
13 00 0 00 0
40 00 0 00 0
13 00 0 00 0
40 00 0 00 0
13 00 0 00 0
40 00 0 00 0
12 00  0  00  0
40 00 0 00 0
13 00 0 00 0
40 00 0 00 0
12 00  0  00  0
40 00 0 00 0
12 00  0  00  0
M odel i
0 20 18 02 0 20
0 26 18 50 0 26
14 10 35 19 14 10
2 43 13 57 2 43
77 90 0 06 0 00 0 00 0 0000 2 70 0 02 17 02
\g e  Cl age +/-
4 02 18 25 4 02
3 84 18 25 3 84
1 87 1825 1 87
0 81 18 25 0 81
0 49 18 25 0 49
0 33 18 25 0 33
0 24 1834 0 24
0 18 1842 0 18
0 25 18 80 0 25
0 16 19 18 0 16
0 32 20 17 0 32
0 21 21 15 0 21
0 33 21 15 0 33
0 36 21 41 0 36
0 32 21 67 0 32
0 27 21 67 0 27
0 34 21 74 0 34
0 22 21 74 0 22
0 15
U>U>
Tabic 2R  5 
continued 
19 836 00 12 00 0 00 0 00 25 1950 22 15
20 821 00 40 00 0 00 0 00 27 3770 21 78
21 884 00 12 00 0 00 0 00 2931 1 3 23 74
22 870 00 40 00 0 00 0 00 32 1655 23 06
23 921 00 12 00 0 00 0 00 34 1069 273 1
24 982 00 12 00 0 00 0 00 39 0805 30 30
25 1036 00 12 00 0 00 0 00 49 8104 32 55
26 1023 00 40 00 0 00 0 00 61 6587 31 99
27 1016 00 60 00 0 00 0 00 67 1037 32 62
28 1069 00 12 00 0 00 0 00 69 2830 37 09
29 1070 00 40 00 0 00 0 00 74 9559 39 77
30 1067 00 60 00 0 00 0 00 79 2536 41 72
31 1137 00 12 00 0 00 0 00 83 3098 49 36
32 1229 00 12 00 0 00 0 00 9 8 0 1 1 0 47 31
33 1531 00 40 00 0 00 0 00 99 9900 59 34
South o f  the Denali Fault
45 RAP FS#L1 FIGURE 2R 32
W eighted average o f  J from standards =  3 41 lc-03  +/- 1 05 lc-05
Laser Pow er 
(m W )
C um ulative 40A r/39A r +/- 37A r/39A r +/- 36A r/39A r
39Ar m easured m easured m easured
400 0 0 1 73 45 1 10 0 01 0 0040 0 15
600 0 03 7 54 0 04 0 00 0 0013 0 0 1
800 0 07 5 30 0 04 0 00 0 0005 0 00
1000 0 11 4  83 0 04 0 01 0 0005 0 00
1300 0 17 5 05 0 04 0 0 1 0 0005 0  00
1600 0 22 4 92 0 04 0 01 0 0004 0 00
0 2800 0 28 22 15 0 28
0 1900 0 19 21 78 0 19
0  2600 0  26 23 74 0 26
0 2100 0 21 23 74 0 21
0 1900 0 19 27 31 0 19
0 2500 0 25 30 30 0 25
0  1100 0 11 30 30 0 11
0 1100 0 11 31 99 0 11
0 1100 O i l 32 62 0 11
0 3000 0 30 37 09 0 30
0 1200 0 12 39 77 0 12
0 1500 0 15 41 72 0 15
0 1400 0 14 49 36 0 14
0 2100 0 2 1 49 36 0 21
0 7800 0 78 59 34 0 78
%  A tm ospheric C a/K  +/- Cl/K  +/- 40V 39K  +/- A ge +/-
40A r (M a) (M a)
0 0030 58 73 0 02 0 0 1 00 1 0 0004 30 30 1 12 177 45 6 26
0 0005 26 70 0 00 0 00 0 00 0 0001 5 51 0 14 33 56 0  87
0 0002 9 10 0 0 1 0 00 0 00 0 0000 4 79 0 07 29 24 0 43
0 0002 4 55 0 0 1 0 00 0 00 0 0001 4 59 0 07 28 00 0 41
0 0002 6 16 0 01 0 00 0 00 0 0001 4 72 0 06 28 78 0 36
0  0002 3 85 0 02 0 00 0 00 0 0001 4 70 0 07 28 71 0 40
U>
Tabic 2R 5
continued
2000 0 24 4 76 0  02 0 0 1 0 0009 0 00
2500 0 29 4 82 0  02 0 0 1 0 0005 0 00
3000 0 35 4 89 0 03 00 1 0 0004 0 00
4000 0 6 1 5 12 0 02 0 00 0 0001 0 00
5000 0 77 5 10 0 05 001 0 0002 0 00
6000 0  S3 5 19 0 04 0  01 0  0003 0 00
9000 0 88 5 22 0 03 00 1 0 0006 0 00
9001 1 00 5 50 0 07 0 0 1 0 0002 0 00
Integrated 5 52 0 01 0 0 1 0 0001 0 00
3 1 1ASTFS#F1 FIGURE 2R  33
W eighted average o f  J from standards =  3 571e-03 +/- 1 656c-05
Tem p C um ulative 40A r/39A r +/- 37Ar/39A i +/- 36A r/39A r
(deg C) 3 9 Ax m easured m easured m easured
400 0 00 204 29 4  19 0 22 0 1469 0 59
400 0 00 219 83 5 77 0 42 0 1855 0 73
450 0 00 14 86 0 50 0 02 0 1115 0 03
450 0 00 72 97 1 50 0 10 0 0699 0 22
500 0  00 14 03 0 17 0 07 0 0375 0 03
500 0 00 36 37 0 44 0 12 0 0410 O i l
550 0 0 1 12 52 O i l 0 08 0 0199 0 03
550 0 01 19 71 0 15 0 08 0 0 1 5 8 0 05
600 001 19 79 0 15 0 08 0 0087 0 05
600 0 02 11 43 0 07 0 06 0 0063 0 02
650 0 04 7 28 0 04 0  06 0 0032 0 0 1
650 0 05 7 91 0 05 0 0 4 0 0049 0 0 1
700 0 06 5 50 0 03 0 03 0 0032 0 00
0 0003 -1 26 0 02 0 00
0 0002 1 51 0 02 0 00
0 0001 2 83 0 02 0 00
0  0000 4  06 0 01 0 00
0 0001 3 55 0 01 0 00
0  0001 4 13 0 01 0 0 0
0 0002 4 62 0 01 0 00
0 0001 6 09 0 01 0 00
0 0000 8 72 0 0 1 0 00
%  A tm ospheric C a/K  +/- 
40A r
0 0226 85 77 0 4 1 0 27
0 0332 97 97 0 78 0 34
0 0079 60 79 0 03 0 20
0 0 1 2 0 88 31 0 17 0 13
0 0074 53 96 0 13 0 07
0 0039 89 06 0  22 0 08
0 0022 60 71 0 15 0 04
0 0033 79 57 0 15 0 03
0 0 0 1 6 76 11 0 14 0 02
0 0007 56 58 0 12 0 01
0 0004 25 50 0 11 00 1
0 0005 37 48 0 08 0 0 1
0 0004 4 61 0 06 00 1
0 0001 4 79 0 10 29 26 0 60
0 0001 4 72 0 05 28 83 0 29
0 0001 4 72 0 05 28 81 0 29
0 0000 4  89 0 02 298 1 0 13
0 0000 4  89 0 06 29 82 0 35
0 0001 4  95 0  06 3021 0  33
0 0001 4 95 0 06 30 19 0 38
0 0001 5 14 0 07 31 34 0 4 1
0 0000 5 01 0 02 30 58 0 14
+/- 40*/39K  +/- Age +/-
(M a) (M a)
0 0025 29 07 5 79 178 21 33 80
0 0054 4 46 8 14 28 54 51 63
0 0033 5 81 2 35 37 07 1481
0 0022 8 53 3 32 54 11 20 74
0 0010 6 45 2 17 41 07 13 69
0 0008 3 97 1 09 25 43 6 96
0 0003 4 9 1 0 64 31 35 4  08
0 0004 4 02 0 97 25 72 6 19
0 0002 4 72 0 48 30 17 3 03
0 0002 4 95 0 23 31 62 1 43
0 0001 5 4 1 0 13 34 49 0 79
0 0001 4 92 0 14 31 45 0 92
0 0001 5 22 0 12 33 29 0 79
0 00
0 00
0 00
0 00
0 00
0 000 00
0 00
0 00
Cl/K
0 02001
0 000 00
0 00
0 00
0 00
0 000 000 000 000 000 00
u>
T able 2R  5 
continued 
700 0 08 7 72 0 04 0 04 0 0033 001
750 0 09 6 40 0 05 0 05 0 0047 00 1
750 0 10 9 75 0 04 0 07 0 0038 0 02
800 0 12 5 74 0 02 0 03 0 0029 0 00
800 0 14 7 79 0 04 0 03 0 0 0 1 8 0 0 1
850 0 16 5 95 0 03 0 03 0 0025 0 00
850 0 19 7 15 0 03 0 03 0 0022 00 1
900 0 21 5 85 0 02 0 06 0 0033 0 00
950 0 24 9 39 0 05 0 13 0 0033 00 1
1000 0 28 7 27 0 04 0 17 0  0021 0 0 1
1000 0 31 7 83 0 03 0 13 0 0 0 1 8 0 0 1
1000 0 34 9 32 0 05 0 11 0 0039 00 1
1050 0 37 7 09 0 03 0 09 0 0 0 1 8 001
1050 0 4 1 8 79 0 03 0 08 0 0 0 1 2 0 01
1050 0 44 11 21 0 03 0 07 0 0021 0 02
1100 0 49 7 23 0 03 0 04 0 0008 0 0 1
1200 0 89 6 37 0 02 0 02 0 0002 0 00
1600 1 00 66 87 0 18 0 12 0 0 0 1 3 0 22
ited 13 90 0 02 0 06 0 0004 0 03
05RAPFS#L1 FIGURE 2 R 3 4
W eighted average o f  J from  standards =  7 125e-03 +/- 1 903e-05
Laser Pow er C um ulative 40A r/39A r +/- 37A r/39A r +/- 36A r/39A r
(m W ) 39A r m easured m easured m easured
400 0 00 182 50 3 30 0 03 0 0079 0 55
600 0 0 1  12 81 0 19 0 02 0 0033 0 03
0 0004 33 78 0 07 001
0 0004 23 39 0 09 00 1
0 0004 51 82 0 12 00 1
0 0003 11 27 0 06 00 1
0 0003 34 70 0 05 0 00
0 0002 16 78 0 05 0 00
0 0002 27 34 0 05 0 00
0 0003 11 10 0 12 0 01
0 0003 45 91 0 24 0 01
0 0001 29 96 0 31 0 00
0 0002 35 88 0 24 0 00
0 0002 45 70 0 20 00 1
0 0003 28 72 0 17 0 00
0 0002 40 96 0 15 0 00
0 0004 55 76 0 14 0 00
0 0002 28 72 0 08 0 00
0 0000 19 94 0  03 0 00
0 0010 96 63 0 23 0 00
0  0001 65 57 0 11 0 00
%  A tm ospheric C a/K  +/- 
40A r
0 0112 88 26 0 06 0 01
0 0010 76 34 0 03 0 01
0 0001 5 09 0 13 32 50 0 85
0 0001 4 88 0 12 31 17 0 79
0 0001 4 68 0 13 29 92 0 82
0 0001 5 07 0 08 32 35 0 53
0 0001 5 07 0 08 32 35 0 51
0 0001 4 93 0 06 31 48 0 4 1
0 0001 5 17 0 06 33 03 0 40
0 0001 5 17 0 09 33 03 0 55
0 0001 5 06 0 09 32 33 0 59
0 0001 5 07 0 05 32 36 0 33
0 0000 5 00 0 07 31 94 0 46
0 0001 5 04 0 08 32 21 0 49
0 0001 5 03 0 08 32 12 051
0 0001 5 17 0 07 33 02 0 44
0 0001 4 95 0 12 31 59 0 75
0 0000 5 13 0 06 32 75 0 39
0 0000 5 08 0 02 32 43 0 11
0 0001 2 25 0 24 14 43 1 55
0 0000 4  78 0 03 30 51 0 23
+/- 40*/39K  +/- A ge +/-
(M a) (M a)
0 0018 21 42 2 78 256 27 30 95
0 0002 3 02 0 31 38 45 3 88
0 000 000 000 000 000 000 000 000 000 00
0 00
0 000 000 000 000 000 000 00
0 00
C l/K
0 02
0 00
u>Os
Tabic 2R  5 
continued
Integrated
800 0 02 4 68 0 07 0 02 0 0010 00 1
1000 0 06 2 57 0 04 0 02 0 0005 0 00
1300 0 13 2 41 0 04 0 03 0 0006 0 00
1600 0 21 2 37 0 04 0 03 0 0005 0 00
2000 0 29 2 35 0 03 0 03 0 0004 0 00
2500 0 38 2 34 0 03 0 02 0 0004 0 00
3000 0 45 2 34 0 04 0 02 0 0004 0 00
4000 0 55 2 40 0 03 0 02 0 0004 0 00
5000 0 64 2 47 0 04 0 02 0 0004 0 00
6000 0  73 2 54 0 03 0 02 0 0004 0 00
9000 0 80 2 51 0 04 0 02 0 0003 0 00
9001 1 00 2 69 0 02 0 0 1 0 0001 0  00
2 81 0 0 1 0 02 0  0001 0 00
09RA P FS#L 1 FIGURE 2R  35
W eighted average o f  J  from  standards =  7 125e-03 + /- 1 903e-05
Laser Pow er 
(m W )
Cum ulative39Ar 40A r/39A rm easured 37A r/39A rm easured 36A r/39A rm easured
400 0 00 575 18 12 43 -0  06 0 0390 1 81
600 0 00 153 96 3 14 -0 01 0 0 1 5 0 0 39
800 0 01 29 09 0 35 0 00 0 0 0 1 3 0 08
1000 0  04 7 60 0 10 0 00 0  0005 0 02
1300 0 11 3 82 0 05 0 00 0 0004 0 00
1600 0 19 2 6 1 0 03 0 00 0 0002 0 00
2000 0 29 2 44 0 03 0 00 0 0002 0 00
2500 0 40 2 47 0 02 0 00 0 0001 0 00
3000 0 49 2 56 0 03 0 00 0 0002 0 00
0 0003 53 54 0 03 0 00
0 0001 14 10 0 04 0 00
0 0001 3 61 0 05 0 00
0 0001 4 65 0  05 0 00
0 0001 2 29 0 05 0 00
0 0001 3 02 0 04 0 00
0 0001 3 79 0 03 0 00
0 0001 3 27 0 03 0 00
0 0001 6 45 0 04 0 00
0 0001 8 93 0 04 0 00
0 0001 7 03 0 03 0 00
0 0000 12 59 0 02 0 00
0 0000 17 12 0 04 0 00
%  A tm ospheric C a/K  +/- 
40A r
0 0402 92 86 -0 10 0 07
0 0097 73 92 -0  01 0 03
0 0009 77 84 0 00 0 00
0 0003 62 94 0 01 0 00
0 0001 37 11 0 00 0 00
0 0001 11 66 0 00 0 00
0 0001 4  85 0 00 0 00
0 0001 7 27 0 00 0 00
0 0001 12 86 0 00 0 00
0 0001 2 16 0 10 27 55 1 28
0 0001 2 18 0 05 27 85 0 62
0 0001 2 30 0 05 29 27 0 60
0 0001 2 23 0 04 28 48 0 48
0 0000 2 27 0 04 28 88 0 49
0 0001 2 24 0 04 28 52 0 50
0 0001 2 22 0 05 28 36 0 58
0 0000 2 29 0 04 29 20 0 45
0 0001 2 28 0 04 29 11 0 51
0 0000 2 28 0 04 29 12 0 46
0 0001 2 31 0 04 29 45 0 52
0 0000 2 32 0 02 29 60 0 23
0 0000 2 30 0 01 29 38 0 17
40*/39K  +/- Age +/-
(M a) (M a)
0 0021 41 07 4 96 463 08 49 36
0 0 0 1 5 40 14 2 70 453 78 26 95
0 0002 6 44 0 3 1 80 93 3 85
0 0001 2 81 0 10 35 72 1 30
0 0000 2 39 0 05 30 40 0 69
0 0001 2 28 0 04 29 07 0 47
0 0000 2 30 0 03 29 29 0 4 ]
0 0000 2 26 0 03 28 84 0 38
0 0000 2 21 0 04 28 17 05 1
0  000 000 000 000 000 000 000 000 00
0 00
0 00
0 00
0 00
Cl/K
0 06
0 04
001
0 00
0 000 000 000 000 00
u>-J
Table 2R  5 
continued 
4000 0 57 2 4 1 0 03 0 00 0 0001 0 00
5000 0 63 2 36 0 03 0 00 0 0003 0 00
6000 0 68 2 39 0 02 0 00 0 0003 0 00
9000 0 72 2 43 0 02 0 00 0 0004 0 00
9001 1 00 2 66 0 01 0 00 0 0001 0 00
Integrated 3 61 0 0 1 0 00 0 0001 0 00
16RAPFS#LI FIGURE 2 R 3 6
W eighted average o f  J from standards =  3 4 1 1  e-03 +/- 1 051e-05
L aser P ow er C um ulative 40A r/39A r +/- 37A r/39A r +/- 36A r/39A r
(m W ) 39A r m easured m easured m easured
400 0 04 81 86 0 42 0 01 0 0009 0 24
600 0 12 68 1 0 04 0 01 0 0004 00 1
800 02 1 5 68 0 02 0 0 1 0 0005 0  00
1000 0 30 5 19 0 01 0 0 1 0 0003 0 00
1300 0 39 5 34 0 02 00 1 0  0003 0 00
1600 0 47 5 42 0 02 0 0 1 0 0005 0 00
2000 0 54 4 93 0 02 0 0 1 0 0005 0 00
2500 0 6 1 5 07 0 02 0 0 1 0 0004 0 00
3000 0 66 5 32 0 02 0 02 0 0008 0 00
4000 0 71 6 10 0 02 0  03 0 0006 0 00
5000 0 79 6  60 0 03 0 03 0 0005 0 0 1
6000 0 90 6 83 0 04 0 02 0  0003 0 01
9000 0 96 5 96 0 02 0 0 1 0 0005 0 00
9001 1 00 5 76 0 02 00 1 0 0008 0 00
Integrated 0 0 ! 0 0001 001
0 0001 5 04 0 00 0 00
0 0001 2 66 0 00 0 00
0 0002 2 85 0 00 0 00
0 0002 6 42 0 00 0 00
0 0000 11 47 0 00 0 00
0 0000 32 37 0 00 0 00
% Atm ospheric C a/K  + /- Cl/K  
40Ar
0 0025 88 42 0 02 0 00
0 0002 33 30 0 02 0 00
0 0002 18 24 0 02 0 00
0 0002 11 09 0 02 0 00
0 0002 12 95 0  02 0 00
0 0002 13 52 0 02 0 00
0 0002 5 56 0 02 0 00
0 0002 8 52 0 02 0 00
0 0004 10 97 0 03 0 00
0 0002 23 50 0 05 0 00
0 0002 27 75 0 05 0 00
0 0002 29 44 0 03 0 00
0 0002 1685 0 01 0 00
0 0005 10 44 0 0 1 0 00
0 0001 45 78 0 02 0 00
0 0000 2 26 0 04 28 84 0 46
0 0001 2 27 0 05 28 89 0 57
0 0001 2 30 0 05 29 28 0 65
0 0000 2 24 0 06 28 61 0 80
0 0000 2 33 0 01 29 72 0 19
0 0000 2 42 0 01 30 86 0 17
+/- 40*/39K  + /- A ge +/-
(M a) (M a)
0 0002 9 48 0 66 57 39 3 91
0 0001 4 52 0 07 27 62 0 45
0 0001 4 62 0 07 28 22 0 44
0 0001 4 59 0 05 28 03 0 31
0 0001 4  62 0 05 28 22 0 32
0 0001 4  66 0 06 28 45 0 36
0 0001 4  63 0 05 28 27 031
0 0001 4 61 0 07 28 17 0 43
0 0001 4 7 1 0 13 28 78 0 78
0 0001 4 64 0 05 28 35 0 32
0 0001 4  75 0 06 28 97 0 34
0 0001 4  80 0 06 29 29 0 34
0 0001 4 93 0 07 30 09 041
0 0001 5 13 0 15 31 31 0 92
0 0000 4 90 0 03 29 87 0 22
0 00
0 00
0 00
0 00
0 00
0 00
0 000 000 000 000 00
0 000 000 000 000 000 000 000 000 00
0 00
u>00
T able 2R  5 
continued 
23 RAP FS#L1 FIG U RE 2R  37
W eighted average o f  J from standards =  3 41 le-03  +/- I
Laser Pow er C um ulative 40A r/39A r +/-
(m W ) 39A r m easured
400 0 03 27 13
600 0 10 5 46
800 0 17 5 07
1000 0 24 5 03
1300 0 31 4  99
1600 0 37 4  95
2000 0 42 5 09
2500 0 47 5 40
3000 0 51 5 55
4000 0 61 5 60
5000 0 71 5 54
6000 0 79 5 52
9000 0 85 5 47
9001 1 00 5 47
In tegrated  6 07
37A r/39A r +/- 36A r/39A r +/■
m easured m easured
0 01 0 0004 0 06
0 02 0 0005 0 00
0 02 0 0003 0  00
0 02 0 0003 0 00
0 02 0 0003 0 00
0  02 0 0004 0 00
0 02 0 0005 0 00
0 0 1 0 0006 0 00
0 0 1 0 0004 0 00
0 01 0 0002 0 00
0 00 0 0002 0 00
0 00 0 0002 0 00
0 00 0 0003 0 00
0 00 0 0001 0 00
0 0 1 0 0001 0 00
05Ie -05
0 15
0 07
0 07
0 07
0 07
0 08
0 08
0 08
0 08
0 06
0 06
0 07
0 08
0 03
0 02
%  A tm ospheric C a/K  +/- Cl/K  
40Ar
0 0005 68 76 0 02 0 00
0 0001 9 60 0 03 0 00
0 0002 4 98 0 03 0 00
0 0001 3 58 0 03 0 00
0 0001 3 08 0 03 0 00
0 0001 2 67 0 03 0 00
0 0002 5 13 0 03 0 00
0 0002 8 88 0 03 0 00
0 0002 10 47 0 03 0 00
0 0001 9 92 0 02 0 00
0 0001 7 45 0 0 1 0 00
0 0001 7 43 0 01 0 00
0 0001 7 12 0 01 0 00
0 0001 7 31 0 00 0 00
0 0000 16 17 0 02 0 00
+/- 40*/39K  +/■ Age +/■
(M a) (M a)
0 0001 8 47 0 16 51 36 0 97
0 0001 4 9 1 0 08 29 94 0 47
0 0001 4 79 0 08 29 21 0 48
0 0001 4 82 0 07 29 40 04 1
0 0001 4 80 0 07 29 32 0 44
0 0001 4 79 0 09 29 24 0 52
0 0000 4  80 0 09 29 30 0 53
0 0001 4 90 0 09 29 88 0 57
0 0001 4  94 0 10 30 15 0 59
0 0001 5 02 0 07 30 63 0 43
0 0000 5 10 0 06 31 09 0 36
0 0001 5 08 0 08 30 98 0 46
0 0001 5 06 0 08 30 85 0 50
0 0000 5 05 0 03 30 79 02 1
0 0000 5 07 0 02 30 91 0 15
0 000 000 000 000 000 000 000 00
0 00
0 00
0 00
0 00
0 00
0 00
0 00
u>
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CHAPTER 3
PERSISTENT LONG-TERM (-24 MA) EXHUMATION IN THE EASTERN 
ALASKA RANGE CONSTRAINED BY STACKED 
THERMOCHRONOLOGY1
3.1 A b s tr a c t
Thermochronology studies commonly project the results from a spatially limited 
sampling approach to an entire mountain range even though the exhumation history 
of a mountain range usually varies along and across strike. This can lead to 
incorrect assumptions regarding the start of regional exhumation and the episodic 
nature of exhumation. To address these problems, we introduce a new graphical 
procedure that vertically stacks spatially diverse K-feldspar 40Ar/39Ar multi-domain 
diffusion (MDD) models from the length of the -100 km long high-peak region of 
the eastern Alaska Range (EAR). The vertically stacked thermal models provide a 
comprehensive spatial-temporal view of the region’s complex exhumation history. 
We supply additional constraints with 40Ar/39Ar mica dating because the higher 
closure-temperature-window places limits on the initiation of rapid EAR 
exhumation. We find that rapid and persistent (non-episodic) exhumation has 
occurred in the EAR since -24 Ma at a long-term rate of -0 .9  km/Ma, but that the 
spatial focus of this rapid exhumation moves through time (i.e., spatially variable).
'Benowitz, J.A., Layer, P.W., VanLaningham, S., Persistent long-term (-24 Ma) exhumation in the eastern Alaska Range constrained by stacked thermochronology, prepared for submission to Tectonics.
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Onset of exhumation is coincident with the initiation of rapid exhumation in 
southwestern Alaska, the western Alaska Range and the Chugach-St. Elias Range 
at ~24 Ma, implying a region-wide deformational response to a change in tectonic 
forcing. The collision of the Yakutat microplate is likely responsible for this rapid 
exhumation in southern Alaska. Our results show that vertical stacking of thermal 
models facilitates a more complete analysis of the Neogene deformation history of 
southern Alaska and should be applicable to other orogenic belts.
3.2 Introduction
Thermochronology has now been used for over 30 years [see Reiners et al., 
2005] to study orogenic development. Many data interpretation methods regarding 
orogenic tectono-thermal histories have been standardized, including the time- 
averaged time-temperature (T-t) plots of one sample or one vertical transect using 
numerous samples from one mountain. Typically, any significant changes in time- 
averaged cooling rates (i.e., breaks in slope) based on these results are interpreted 
to indicate changes in exhumation rate. These changes in exhumation rate, also 
known as “events” or “episodes”, are usually interpreted to reflect either large-scale 
changes in tectonic forcing or variations in near-field conditions that may influence 
exhumation (climate, fault geometry, rheology, etc.). Yet, tectonic processes (e.g., 
continental collisions) produce exhumation that can occur over long timescales (10 
Ma to 50 Ma) and great distances (100’s to 1000’s of km). In addition, along-strike 
variations in the focus of exhumation are seen across the world [Little et al., 2005;
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Yin, 2006; Tricart et al., 2007; Seeber et al., 2010], Thus, orogen-scale 
interpretations o f tectonic processes based on thermochronological analyses of a 
single vertical transect [Fitzgerald et al., 1993; O ’Sullivan and Currie, 1996] or a 
single rock sample [Richter et al., 1990] may not capture the spatial and temporal 
variability inherent to orogenesis. Although spatially restricted sampling for 
thermochronology can provide first-order windows into timing of orogenesis, can 
the total exhumation history of an orogen be constrained by such a practice?
One approach for capturing along- and across-strike variations in deformation 
response in complicated tectonic settings is to apply a “shotgun” sampling strategy 
[Spotila, 2005], Deconvolving constrained lateral variations in initiation of rapid 
exhumation from a shotgun sampling strategy into episodic or persistent 
exhumation is critical to correlating an orogen’s exhumation history to far-field 
tectonic processes. Thus, a need remains for developing approaches that capture the 
“big-picture” tectonic development of orogens that have experienced sub-regional 
variations in exhumation history.
We have investigated these orogenic development/plate-tectonic reconstruction 
difficulties along the continental-scale transpressional Denali fault in the 
topographically high eastern Alaska Range and propose a graphical procedure to 
view an orogen’s exhumation history through time and space (Figures 3.1 and 3.2). 
Thermochronological research on the Neogene tectonic history of southern Alaska 
has led to the interpretation of exhumation pulses at -23 Ma, -20  Ma, -18 Ma, -16
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Ma, ~11 Ma, -6  Ma, -4  Ma and ~1 Ma [Plafker et al., 1992; Fitzgerald et al.,
1995; O ’Sullivan and Currie, 1996; Berger et al., 2008; Enkleman et al., 2008; 
Haeussler et al., 2008; Spotila and Berger, 2010]. Paleo-environmental analysis of 
Alaska sedimentary basins also suggests that pulses of exhumation occurred during 
the Miocene to present [Lagoe et al., 1993; Thoms, 2000; Ridgway et al., 2007; 
Haeussler et al., 2008; Finzel et al., 2009]. What is still not clear is whether the 
Neogene exhumation history of southern Alaska is a series of discrete events or 
part of a continuum related to on-going long-term tectonic processes such as the 
progressive collision of the Yakutat microplate (Figure 3.1).
To address the continuous vs. episodic nature of exhumation in southern 
Alaska, we employ 40Ar/39Ar K-feldspar (K-spar) thermochronology combined 
with 40Ar/39Ar muscovite and 40Ar/39Ar biotite analysis from six different areas of 
the eastern Alaska Range. These thermochronometers span a closure temperature 
range of -400 °C to -150 °C. Muscovite, biotite and K-spar record exhumation 
from a broad range of crustal depths, thereby providing a large time-temperature 
window to allow us to assess whether orogenesis is persistent or episodic. We 
graphically vertically stack numerous best-fit K-spar multi-domain diffusion 
thermal models (MDD) [Lovera et al., 2002] (herein referred to as “vertical 
stacking” or “stacked thermochronology”) to account for spatial variations in the 
focus of exhumation of an orogen. We believe the eastern Alaska Range is an ideal 
location to derive a long-term, spatially robust history of deformation in southern
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Alaska. Numerous K-spar bearing plutons are in the region, allowing us to 
minimize spatial biases in sampling. The eastern Alaska Range is also at the apex 
of the curvilinear Denali fault and has an associated Neogene foreland basin 
[Ridgway et al., 2007] recording a long history of regional exhumation.
We show that rapid exhumation in the eastern Alaska Range began by the 
late Oligocene and that it continues to the present. At the regional scale, our data 
indicate that at any snapshot in time, rapid exhumation was occurring somewhere 
in the orogen throughout the Neogene at a relatively consistent rate of -0 .9  km/Ma. 
However, at the local scale the timing of rapid exhumation varied, depending on 
location. We infer that deformation and exhumation have been occurring in 
southern Alaska for at least -24  million years and are related to the progressive 
collision of the Yakutat microplate with North America. Because our stacked 
40Ar/39Ar thermochronology approach accounts for variations in exhumation focus 
along and across strike, it could be useful for establishing a more complete history 
of exhumation in other active or ancient orogens. The graphical procedure 
presented here can also be used in conjunction with other thermochronology 
techniques [e.g., HeFTy, Ketcham, 2005],
3.3 Tectonics and Exhumation in Southern Alaska
The Alaska Range lies along the continental-scale, dextral strike-slip Deanli 
fault (Figures 3.1 and 3.2). This intra-plate range is located ca. 500 km inboard 
from the active subduction zone of southern Alaska. Suggested drivers for Neogene
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deformation in the Alaska Range are changes in Pacific plate motion relative to 
stable North America [.Fitzgerald et al., 1995; Enkelmann et al., 2008], microplate 
collision in the Gulf of Alaska [.Plafker et al., 1992], and block rotation associated 
with the Yakutat microplate collision (Figure 3.1) [Haeussler et al., 2008; Cross 
and Freymeuller, 2008], A variety of studies have used thermochronology to 
examine the possibility of these as drivers of Alaska Range exhumation, and we 
summarize them to provide context for the debate about continuous vs. episodic 
exhumation. We discuss them in terms of the western, central, and eastern parts of 
the Alaska Range (Figure 3.1).
3.3.1 Western Alaska Range
The Tordrillo Mountains are the area of high peaks in the western Alaska 
Range (Figure 3.1). Rocks there preserve evidence of rapid exhumation at -23 Ma 
and -6  Ma based on apatite fission track (AFT) thermochronology [Haeussler et 
al., 2008]. The 23 Ma exhumation pulse is thought to be controlled by regional 
uplift and is corroborated by the high-energy depositional environment of the early 
Miocene Tyonek Formation of Cook Inlet [Strieker and Flores, 1996]. The -6  Ma 
exhumation pulse is also thought to be controlled by regional uplift and is 
corroborated by the clastic Pliocene Sterling Formation [Haeussler et al., 2008].
3.3.2 Central Alaska Range
The central Alaska Range is defined by the Mt. McKinley region (Figure
3.1) and is the site of one of the landmark vertical-transect AFT studies [Fitzgerald
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et al., 1993], The results clearly indicate a change in exhumation rate at ~6 Ma, 
which is interpreted as the beginning of uplift of the central Alaska Range. The 
exhumation event is correlated with the inferred depositional age of the 1000 m 
thick Nenana Gravel of the Tanana Basin, located -150 km to the east [Wahrhaftig 
et al., 1994]. The question remains whether the limited spatial scope of the study 
(restricted to Mt. McKinley, with no samples in the vicinity of the Denali fault) was 
sufficient to capture the full exhumation history of the region considering the large 
variation in exhumation patterns found in other regions [e.g., Little et al., 2005; Yin, 
2006; Tricart et al., 2007] and along and across the Denali fault farther to the east 
[Benowitz et al., 2011 ].
3.3.3 Eastern Alaska Range
The eastern Alaska Range as defined here spans the area between the 
Nenana River in the west and the Tok River valley in the east (Figures 3.1 and 3.2). 
Uranium-lead emplacement ages for plutons in the Black Rapids Glacier part of the 
eastern Alaska Range are -70  Ma [Aleinikoff et al., 2000], Plutons in the Mount 
Nenana region o f the western part of the eastern Alaska Range are thought to have 
-38 Ma emplacement ages based on K-Ar and 40Ar/39Ar dating of biotite and 
hornblende [Csejtey et al., 1992; Benowitz et al., 2011], The plutons around Mount 
Kimball along the easternmost edge of the eastern Alaska Range have inferred 
emplacement ages o f -100 Ma based on K/Ar dating of hornblende [Nokleberg et 
al., 1992]. Knowing the ages of pluton emplacement in the eastern Alaska Range
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allows distinction between post-emplacement cooling and cooling related to 
exhumation.
Young apatite fission track and (U-Th/He) apatite (AHe) ages in the eastern 
Alaska Range [<~3 Ma, Armstrong et al., 2007; Benowitz et al., 2011], as well as 
active seismicity including the 2002 M7.9 Denali fault earthquake [Eberhart- 
Phillips et al., 2003] indicate that the region is tectonically active. Deformation and 
uplift of the eastern Alaska Range has recently been correlated with the Neogene 
Usibelli Group of the Tanana Basin, which is interpreted to contain a long-term 
record of a transpressional foreland basin system related to regional shortening in 
the Alaska Range along the Denali fault system [Ridgway et al., 2007]. This 
Neogene basin association makes the region a prime location to investigate long­
term exhumation patterns and thus the far-field drivers of exhumation in southern 
Alaska.
3.4 Methods and Stacked Thermochronology Approach
3.4.1 Analytical and Sampling Methods
We collected four new bedrock samples from granitic plutons along and 
across the strike of the eastern Alaska Range, proximal to the north side of the 
Denali fault system, in order to better constrain the initiation of rapid Neogene 
exhumation, the long-term exhumation history in the eastern Alaska Range, and the 
spatial pattern of exhumation (Table 3.1 and Figure 3.2). These samples are from
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Mount Kimball (KIM) and the Black Rapids Glacier (RAP) and Mount Balchen 
(BAL) regions.
For 40Ar/39Ar analysis, samples were processed at the geochronology 
laboratory at the University of Alaska Fairbanks (UAF), where samples were 
crushed, sieved (250 micron to 1000 micron fraction), washed, paper-shaked and 
hand-picked for mica mineral phases. A Franz magnetic separator and a variable 
density liquid (sodium-polytungstate and deionized water) were used to separate 
out K-spar grains. Aliquots of K-spar separates derived from the heavy liquid 
separation were analyzed at UAF using a Panalytical wavelength dispersive Axios 
X-ray fluorometer (XRF) to confirm mineral identification and purity.
The mineral standard MMhb-1 [Samson and Alexander, 1987], with an age 
of 513.9 Ma [Lanphere and Dalrymple, 2000], was used to monitor neutron fluence 
(and calculate the irradiation parameter, J). The samples and standards were 
wrapped in aluminum foil and loaded into aluminum cans of 2.5 cm diameter and 6 
cm height. The samples were irradiated in position 5c of the uranium-enriched 
research reactor of McMaster University in Hamilton, Ontario, Canada for 30 
megawatt-hours. Upon their return from the reactor, the samples and monitors were 
loaded into 2 mm diameter holes in a copper tray that was then loaded in an ultra- 
high vacuum extraction line. The monitors were fused and samples were heated 
using a 6-watt argon-ion laser, following the technique described in York et al. 
[1981], Layer et al. [1987] and Layer [2000], Bulk furnace-run samples consisting
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of ~5 K-spar crystals were loaded in aluminum packets and step-heated in a 
Modifications Ltd. low-blank furnace connected on-line to the mass spectrometer. 
Temperature was calibrated by means of a thermocouple and a maximum 
temperature in excess of 1,600 °C is achievable. Duplicated isothermal step-heating 
schedules were conducted on K-spar in order to retrieve diffusion characteristics, to 
apply diffusion models, and to calculate model thermal histories [Harrison et al., 
1994; Lovera et al., 1993].
Argon purification was achieved using a liquid nitrogen cold trap and a 
SAES Zr-Al getter at 400 °C. The samples were analyzed with a VG-3600 mass 
spectrometer at the UAF Geophysical Institute. The argon isotopes measured were 
corrected for system blank and mass discrimination, as well as calcium, potassium 
and chlorine interference reactions following procedures outlined in McDougall 
and Harrison [1999]. System blanks were generally 2x l0‘16 m o l40 Ar and 2xl0‘18 
mol 36Ar, which are 10 to 50 times smaller than sample/standard volume fractions. 
Mass discrimination was monitored by running both calibrated air shots and a zero- 
age glass sample. These measurements were made on a weekly to monthly basis to 
check for changes in mass discrimination. A summary o f all of the 40Ar/39Ar mica 
results are given in Table 3.1, with all ages quoted to the ± la  level and calculated 
using the constants of Steiger and Mger [1977], The integrated age is the age 
given by the total gas measured and is equivalent to a potassium-argon (K-Ar) age. 
The spectrum provides a true plateau age if three or more consecutive gas fractions
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represent at least 50% of the total gas release and are within two standard 
deviations of each other (Mean Square Weighted Deviation less than -2.7).
MDD thermochronology has proven to be a useful tool to examine orogenic 
development because of the wide closure-temperature window (-350 °C to -150 
°C) of the system [McDougall and Harrison, 1999]. K-spar MDD 
thermochronology is also useful because the depth for closure of the system 
minimizes the effect of topography and advection on the temperature field of the 
upper crust [Ehlers, 2005]. MDD thermal models were created using software 
developed by Lovera et al. [1993]. Low-temperature steps were adjusted to account 
for the likely presence of fluid-inclusion hosted excess Ar leading to older apparent 
ages. In many cases, the first step of an isothermal duplicate yielded a significantly 
older age than the second step, consistent with the presence of fluid-inclusion 
hosted excess Ar [Harrison et al., 1994], However, corrections using the equations 
from Harrison et al. [1994] did not yield usable results, similar to the findings of 
Sanders et al. [2006]. We used the isothermal correction technique outlined by 
Sanders et al. [2006], in which they took the average age of the step before and the 
step after an apparent old age as an estimate of the excess Ar correction.
We base our determination of initiation of rapid cooling and rapid cooling 
rate determination on the slope of the bottom line of the MDD best-fit thermal 
history for each sample (Figure 3R.1). Since there is no quantitative method to 
place an error on either initiation of rapid cooling or rapid cooling rate from an
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MDD model, we chose an approximation of the minimum of the possible slopes. 
We used the 10 °C/Ma knick-points of the lower slope to determine when rapid 
cooling began and ended. This provides an estimate of the best-fit rapid cooling 
rate for each sample, allowing us to discuss overall variations in cooling rates for 
one or multiple samples.
We use the same general geothermal gradient, -30  °C/km, used in many of 
the exhumation studies performed in southern Alaska to calculate exhumation rate 
\0  ’Sullivan and Currie, 1996; Haeussler et al., 2008; McAleer et al., 2009; 
Benowitz et al., 2011]. This construct allows direct comparison of exhumation rates 
between southern Alaska regional exhumation studies. Presently, based on the 
maximum depth of aftershocks (-11 km), the geothermal gradient for the Denali 
Fault region is inferred to be -30  °C/km [.Fisher et al., 2004], We acknowledge that 
we have no actual constraints on the Denali Fault zone paleo-geothermal gradient 
or temporal and spatial variations of this gradient. However, 40Ar/39Ar K-spar has a 
closure temperature-window o f -350 °C to -150 °C. This temperature zone is lcs> 
affected by both heat advection and variations in isotherm depth linked to 
variations in surface topography compared to shallower temperature zones [e.g., 
Braun et al., 2006], In addition, there is no known history of extensional events, 
magmatic events, or hot spring activity along the Denali Fault during the Neogene 
that would dramatically alter regional geothermal gradients [Plafker et al., 1994],
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3.4.2 Lateral Edge of Range Front and Deeper Indicators of Crustal 
Exhumation
K-spar MDD modeling of sample 01 KIM (Figure 3.1) was chosen to 
examine the exhumation rate adjacent to the Denali fault at the southeast edge of 
the region of high topography. Unaltered biotite from sample 01 KIM was also 
dated using 40Ar/39Ar laser step heating to confirm the previous K-Ar emplacement 
age determined in the region. 40Ar/39Ar laser step heating of muscovite/biotite pairs 
from samples 26RAP and 28RAP (Figure 3.2) were used to constrain the 
exhumation rates above the K-spar closure temperature in the high peak region of 
the eastern Alaska Range. Biotite has been shown to be a potentially unreliable 
thermochronometer because of possible excess Ar affecting age determinations and 
instability during heating in vacuo [McDougall and Harrison, 1999], However, 
biotite 40Ar/39Ar analysis can provide useful cooling-rate information if the range of 
possible closure temperatures (Tc; -350 °C to -300 °C) is taken into consideration, 
and it can be compared to muscovite, which has a better constrained closure 
temperature (-400 °C) [Harrison et al., 2009].
3.4.3 Stacked Multi-Domain Diffusion Modeling
We offer a different approach to reconstructing the exhumation history of 
an orogen by vertically stacking the best-fit MDD thermal histories of eight 
bedrock samples collected along and across the strike of an orogen (Figure 3.2)
[two new samples, 26RAP and 19BAL, as well as six others from Benowitz et al.,
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2011]. The amount o f cooling (inferred in terms of exhumation) recorded in each 
sample is complicated by differences in paleo-depth, present-day elevation, and 
location of an individual sample in relation to structures (e.g. the Denali fault). 
Stacking each MDD best-fit thermal history using an overall non-dimensional y- 
axis allows construction of a composite mosaic that shows slopes and trends in the 
thermal history that reflect long-term spatial variations in the rate of bedrock 
cooling along and across the strike of an orogen. Thus, by stacking the cooling 
histories of numerous samples, breaks in slope between samples reveal information 
about whether rapid exhumation within an entire orogen is episodic or persistent 
(Figure 3.3a, b).
3.5 Results
3.5.1 Mica 40Ar/39Ar Ages
Biotite from sample 01KIM has a plateau age o f -96  Ma (Figure 3.4, 3R.2 
and Table 3.1) and an integrated (total fusion) age within error of the plateau age. 
The spectrum shows little evidence of extremely slow cooling or diffusion argon 
loss. Muscovite and biotite from samples 26RAP and 28RAP show simple spectra 
with well-defined plateaus and little or no argon loss (Figure 3R.3, 3R.4 and Table
3.1). The integrated and plateau ages are within error for both samples. Muscovite 
from sample 26RAP has a plateau age o f -24  Ma (Figure 3.5). Biotite from sample 
26RAP has a plateau age of -20  Ma (Figure 3.5). The time between closure of the 
two distinct mineral phases is -4  Ma. Muscovite from sample 28RAP has a plateau
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age o f -23 Ma (Figure 3.5) while biotite from 28RAP has a plateau age of ~19 Ma 
(Figure 3.5). The time between closure of the two distinct mineral phases is -4  Ma.
3.5.2 K-spar 40Ar/39Ar MDD Thermal Models
All three bulk K-spar furnace step-heating experiments yielded diffusion 
patterns compatible with MDD modeling (Figure 3R.5, 3R.6, 3R.7 and Table 
3R.2). The step-heating results yielded E=48.52 Kcal/mol and Do=7.97 cm2/s for 
01 KIM, E=47.55 Kcal/mol and Do=7.97 cm2/s for 26RAP, and E=47.45 Kcal/mol 
and Do=6.68 cm2/s for 19BAL. Results are all within the ranges expected for K- 
spars [McDougall and Harrison, 1999], The K-spar age spectra display complex 
thermal histories that reflect post-emplacement cooling (Figure 3.6). The thermal 
model from sample 01 KIM demonstrates slow prolonged cooling starting at ~68 
Ma with a long-term rate of -4  °C/Ma (Figure 3.7). MDD models (Figure 3.8) from 
samples 26RAP and 19BAL show initiation of rapid cooling at -12  Ma. This falls 
in the middle of the age range of rapid cooling initiation documented in previous 
MDD models from the high relief region of the eastern Alaska Range (Figure 3.8) 
[Benowitz et al., 2011].
3.5.3 Stacked K-spar 40Ar/39Ar MDD Thermal Models
Most of the models (Figure 3.8) show nonsystematic short-term maximum 
cooling rates (-1 Ma) between -30  °C/Ma and -45  °C/Ma. Analysis of such short 
timescales is not relevant to our goal of understanding long-term cooling patterns 
and may over-interpret the T-t constraints provided by the MDD modeling
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technique. Furthermore, it has been shown that long-term histories of cooling rate 
better reflect the effects of far-field driving forces than short-term, spatially limited 
thermal variations \Bernet et al., 2009]. The eight samples all record periods of 
rapid cooling at an average rate of -26  °C/Ma. The 90% confidence level of the 
median (best-fit) of K-spar thermal models from samples 26RAP and 19BAL were 
stacked with six previously published K-spar best-fit thermal models [Benowitz et 
al., 2011] from the eastern Alaska Range (Figure 3.9). No single K-spar sample 
records rapid cooling for more than ~4 million years, but if  the results are viewed 
collectively, rapid cooling occurred somewhere within the region throughout the 
entire time between ~21 Ma and ~6 Ma (Figure 3.9).
3.6 Discussion
We can infer the exhumation history of a rock by knowing the thermal 
history of a sample and assuming or modeling the regional geothermal gradient 
[see review by Reiners and Brandon, 2006], An exhumation event is loosely 
defined as a change in inferred exhumation rate. In the literature, an exhumation 
event can be defined by a thermal history from a single rock, a single vertical 
transect from one mountain (several samples) or an extensive data set from an 
entire orogen. The looseness in both the semantic usage of the phrase “exhumation 
event” and variations in sampling strategy can lead to challenges in reconstructing 
the timing and spatial extent of deformation.
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Poor constraints on a region’s pre-orogenic background exhumation rate 
when defining initiation of rapid exhumation can be problematic. Thus, a limited T- 
t window approach can lead to the incorrect identification of the time of initiation 
of regional exhumation. Difficult terrain in active tectonic regions can also limit 
access for sampling, thereby biasing the thermal record of a region towards more 
accessible regions, which could very well be accessible because of different 
exhumation patterns. Part of an orogen’s thermal record in bedrock samples can 
also be lost during unroofing because of erosion {Clift and VanLaningham, 2010). 
Both situations can lead to interpretations of episodic exhumation, because part of 
the thermal record is not represented. These issues of sample bias can also lead to 
an incorrect interpretation of the time of initiation of rapid exhumation.
To address these issues in sample bias in the use of thermochronology to 
study orogenic development, we used accomplished alpinists to collect samples 
(see acknowledgements) and assume we are constraining the minimum age for the 
initiation of rapid cooling and not the exact time of initiation of rapid cooling in the 
eastern Alaska Range. We will first constrain the background exhumation rate 
(inferred from the background cooling rate) for the eastern Alaska Range. Then we 
will demonstrate the minimum age for the start of Neogene rapid exhumation in the 
region. Next we will apply (and thus evaluate) the stacked thermochronology 
approach to eight best-fit MDD thermal models from the high peak region to 
determine whether exhumation has been episodic or persistent in the core of the
160
orogen since the initiation of rapid exhumation. Finally, we will discuss the large- 
scale regional tectonic implications of applying our stacked approach to 
thermochronology.
3.6.1 Background Exhumation Rate
The biotite age of 01 KIM (40Ar/39Ar age = -96  Ma, Figure 3.4) is similar to 
the -100 Ma emplacement age of plutons in the Kimball region [Nokleberg et a l, 
1992], The average rate of cooling between -90  Ma and -68 Ma based on K-spar 
from sample 01KIM is -0.5 °C/Ma (Figure 3.7). From -68 Ma to -36 Ma the long­
term average rate of cooling for sample 01KIM increases to -4  °C/Ma. We do not 
make any tectonic interpretations based on the slightly higher (-6  °C/Ma) long term 
cooling rate between -68 Ma and -52  Ma, because we are not sure that -2  °C/Ma 
is a significant rate change, but this may warrant further study. With that in mind, 
we interpret the K-spar MDD model for sample 01 KIM (Figure 3.7) to reflect slow 
post-emplacement cooling until a change in tectonic environment at -68 Ma led to 
an increase in cooling rate. Intrusion of alkaline dikes occurred in the Kimball 
region at approximately 68 Ma [Foley, 1985] and may have been related to a short­
lived extensional event. The time of the change in cooling rate is also coincident 
with the interpreted start of movement along the western Denali fault at -66  Ma 
[Miller et a l, 2002]. Thus, we infer that the change in cooling rate at -68  Ma in 
sample 01 KIM may be related to the onset of movement of the Denali fault in the 
region.
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If the average cooling rate of sample 01 KIM is projected past the closure 
age of K-spar to the present, the derived cooling rate of -4  °C/Ma is the same 
average cooling rate demonstrated between -68  Ma and ~36 Ma in the MDD 
modeling from 01KIM. Fitzgerald et al. [1995] infer a similar background cooling 
rate o f -3  °C/Ma for the central Alaska Range (i.e., Mount McKinley). We 
therefore assume any documented, well constrained, best-fit thermal model cooling 
rate change from slow (~5 °C/Ma) to rapid (>-10 °C/Ma) represents a definitive 
increase in exhumation-related cooling (e.g., Figure 3R.1). We choose a rate o f -10 
°C/Ma to avoid rate changes that are simply a reflection of the limitations in the T-t 
window of the thermochronometers/analytical methods used. Although arguably 
arbitrary, the use of a standard rapid-rate-change limit (>-10 °C/Ma) allows us to 
compare cooling rate trends between samples from the high peak region of the 
eastern Alaska Range. Once individual samples (Figure 3.8) begin to cool at a rate 
greater than -10  °C/Ma, most continue to cool at an equal or higher rate through 
the low end K-spar blocking temperature (~150°C). Sample 18BAL is an 
exception, where after a period of rapid cooling the sample records a period of slow 
cooling (<-10 °C/Ma).
3.6.2 Initiation of Rapid Exhumation
Based on the emplacement age (-70 Ma) of plutons in the Black Rapids 
Glacier region, the closure ages of 20-24 Ma for muscovite and biotite from 
samples 26RAP and 28RAP (Table 3.1 and Figure 3.5) reflect cooling related to
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exhumation and not cooling related to initial pluton emplacement. Assuming an 
40Ar/39Ar closure temperature of -400 °C for muscovite [Harrison et al., 2009] and 
-350 °C to -300 °C for biotite [McDougall and Harrison, 1999], the difference in 
muscovite and biotite closure ages for sample 26RAP (-4  Ma) indicates a cooling 
rate between -24  °C/Ma and -12 °C/Ma. The difference in muscovite and biotite 
closure ages for sample 28RAP (-4  Ma) reflects a cooling rate between -27  °C/Ma 
and -13 °C/Ma. Regardless of which biotite closure temperature is used for 
samples 26RAP and 28RAP, micas from these samples demonstrate rapid cooling. 
We infer that the cooling is related to rock uplift and that rapid exhumation in the 
eastern Alaska Range began by -24  Ma.
3.6.3 Standard Thermochronological Approach vs. the Vertically Stacked 
Approach
If we apply standard “break in slope” exhumation analysis to the thermal 
history of sample 26BAL from the eastern Alaska Range (Figure 3.8), it appears 
that an exhumation “event” began at -21 Ma. If we look at the thermal history of 
sample 22DEB from the eastern Alaska Range (Figure 3.8), 25 km to the west of 
sample 26BAL, it appears that a different exhumation “event” began at -9  Ma. 
Applying the same approach to the remaining samples would suggest additional 
exhumation “events”. Previous interpretation of the thermal history of the entire 
eastern Alaska Range from a few individual samples concluded that exhumation
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was episodic in response to changes in Pacific plate motion [Layer and Benowitz, 
2008],
Another common thermochronological method used to interpret an orgoen’s 
exhumation history is to make a composite plot of the best-fit K-spar thermal 
model from numerous samples [e.g. Metcalf et al., 2009]. When we perform this 
technique with the eight samples from the high-relief eastern Alaska Range, it 
appears that there is indeed an initiation of rapid exhumation, but the timing ranges 
from -21 Ma to -8  Ma (Figure 3.10). This result does not help to constrain the 
regional exhumation history, arguably because thermal histories of individual 
samples may reflect small-scale (km) variations in near-field conditions such as dip 
along the Denali fault [Benowitz et al., 2011; Meriaux et al., 2009].
The stacked approach presented here (Figure 3.9) reveals that, although the 
location of rapid exhumation varies over time, orogenesis has been occurring 
within the region quite persistently since -24  Ma (K-spar and mica analysis 
combined). From these findings we now believe that our previous work [Layer and 
Benowitz, 2008] misinterpreted the lack of evidence for exhumation to conclude 
that no exhumation occurred. The stacked approach reveals a more complete and 
coherent story that indicates that the focus of rapid exhumation in the eastern 
Alaska Range varied spatially through time and reflects a long history of persistent 
deformation. We also believe that the stacked approach better constrains the initial
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timing of rapid exhumation in the eastern Alaska Range and makes the case that 
there is no single all-encompassing uplift age for the entire region.
Thus, interpreting thermochronological data sets by classical means such as 
composite plots, a single vertical transect or single-sample thermochronological 
analyses is not an appropriate technique for the eastern Alaska Range. We suspect 
this may also be the case for many other orogens. We do appreciate that 
thermochronologic sampling that is limited in location or number provides initial 
control on the thermal evolution of an orogen, but once a large enough sample set 
is collected we recommend viewing the data as a continuum.
3.6.4 A New View Of Eastern Alaska Range Exhumation Rates
Assuming a geothermal gradient of -30  °C/km [Fisher et a l, 2004], as 
discussed in the methods section, rapid exhumation has occurred in at least one 
location within the eastern Alaska Range at a persistent rate of -0 .9  km/Ma 
between -24 Ma and -6  Ma. This is roughly the same average exhumation rate 
from -6  Ma to present as determined by apatite fission track work in the Nenana 
Glacier region [-1.0 km/Ma; Perry et al., 2010], if  calculated with the same 
30 °C/km geothermal gradient applied in this study. It is not yet fully clear from the 
current low-temperature data [Benowitz et al., 2011; Perry et al., 2010; Armstrong 
et al., 2007] whether there has been an overall increase in the regional extent of 
rapid exhumation since -3  Ma in the eastern Alaska Range. At approximately 3 Ma 
there was a worldwide shift in global temperatures towards a cooler climate and the
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onset of Northern Hemisphere Glaciation \Zachos et a l, 2001; Lisiecki and Raymo 
2005]. The coupling between climate instability and tectonics [Molnar and 
England, 1990; Whipple, 2009; Clift, 2010] is a subject of continued debate.
Further research will investigate the climate-tectonic link in the sub-arctic eastern 
Alaska Range during the Pliocene-Quaternary transition with a focus on the spatial 
extent of changes in exhumation rate.
3.6.5 Mechanism for Spatially Varying Exhumation Patterns
Two distinct patterns are documented in biotite, K-spar minimum, AFT and 
AHe cooling ages in the eastern Alaska Range from previous work (Benowitz et 
al., 2011). Cooling ages on the north side of the Denali fault decrease towards the 
Fault and generally decrease from east to west adjacent to the north side of the 
Fault. The same general trends are documented in the MDD best-fit thermal models 
from the eastern Alaska Range (Figures 3.2, 3.8, 3.9, 3.11, 3.12). Both data sets 
document that the youngest cooling ages and youngest initiation of rapid cooling in 
thermal models occur adjacent to the north side of the Denali fault and generally 
decrease east to west (Figure 3.12).
A possible explanation for this unusual pattern of east to west variation in 
initiation of rapid cooling rates is focused deformation related to lateral migration 
of a short section of the southern Alaska block (south side of the Denali fault) [5^ . 
Amand, 1957; Page et a l ,  1995; Haeussler, 2008] that has a non-vertical fault 
plane as suggested by Benowitz et al. [2011] and by Meriaux et al. [2009]. Based
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on variations in paleo-slip rates, Meriaux et al. [2009] proposed that the southern 
Alaska block is moving to the northwest with no rotation. Our exhumation data in 
part supports their conclusions that the southern Alaska block is converging with 
stable North America and sections of the Denali fault have a non-vertical fault 
plane. The fact that initiation of rapid exhumation systematically migrated east to 
west along the Denali fault implies lateral migration of a fault asperity through 
time. The implication is that the asperity is on the southern Alaska block side of the 
Denali fault, and hence the southern Alaska block, has been moving west since at 
least ~24 Ma. In addition, the presence of contractional structures on the south side 
of the Denali fault, such as the Susitna thrust fault [Crone et al., 2004] supports a 
rotating southern Alaska block. This differs from the Meriaux et al. [2009] model, 
which suggests no rotation. Further research is needed to constrain both the timing 
and extent of southern Alaska block rotation.
The decrease in cooling ages and initiation of rapid exhumation towards the 
Denali fault is a common pattern along transpressive strike-slip faults [e.g., Little et 
al., 2005]. This pattern is most likely related to differential unroofing adjacent to 
the master strand of the Denali fault caused by a combination o f a non-vertical fault 
dip as discussed above and erosional weakness of the fault zone (Figure 3.12).
3.6.6 Alaska Range Deformation in Response to the Yakutat Collision
The long-term occurrence of rapid exhumation in the eastern Alaska Range 
demands a long-term, continuous tectonic driving mechanism. The progressive
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collision of the Yakutat microplate with south-central Alaska is an obvious 
candidate \Plafker, 1987; Spotila and Berger, 2010]. The Yakutat microplate is 
composed of crystalline crust that is 24-27 km thick and inferred to have an 
oceanic plateau origin [Christeson et al., 2010], The Yakutat microplate is 
currently undergoing flat-slab subduction beneath the Chugach-Saint Elias 
Mountains, with a northern edge 500 km inboard of the subduction zone at a depth 
o f -100 km, based on tomographic studies [Eberhart-Phillips et al., 2006]. The 
arrival time of the Yakutat microplate into the southern Alaska subduction zone is 
thought to be -25 Ma [Plafker et al., 1994], yet it remains unclear when “collision” 
began [e.g. Spotila and Berger, 2010], We define “collision” in this case as highly 
coupled flat-slab subduction. The stacked thermochronology data presented here 
demonstrate an increase in exhumation rate at -24  Ma in the eastern Alaska Range, 
potentially in response to Yakutat collision.
Other regions of Alaska also show evidence of a late Oligocene/early 
Miocene rate change in regional tectonic forcing. Ridgway et al. [2007] suggested 
that the strata of the Tanana Basin encompass the entire Neogene and showed that 
the basin is genetically related to the formation of the Alaska Range. 
Thermochronological work in the Tordrillo Mountains [Haeussler et a l, 2008],
-50 km west-northwest of Anchorage, Alaska (Figure 3.1) indicates that rapid 
exhumation began there at -23 Ma. Detrital zircon fission track work in the 
Chugach-St. Elias Range at Alaska’s southern margin [Enkelmann et a l, 2008]
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shows a pulse of exhumation beginning at -25  Ma. Recent AFT work in 
southwestern Alaska indicates rapid cooling in both plutonic and meta-sedimentary 
samples between -24  Ma and -20  Ma, implying regional cooling due to 
exhumation during this time period (Figure 3.1) [O ’Sullivan et al., 2010], 
Deformation and metamorphism was occurring on part of the far-eastern Denali 
fault by -18 Ma {Richter, 1976). In addition, the Wrangell volcano field became 
active at -26  Ma and is associated with convergence of the Yakutat microplate 
[Richter et al., 1990], It is clear that significant deformation across southern Alaska 
was initiated by -24  Ma and continues today.
In terms of kinematics, Koons et al. [2010] use a three-dimensional thermal- 
mechanical numerical model to show that both near-field (i.e. Chugach/Saint Elias) 
and far-field (i.e. the Alaska Range) mountain ranges can develop from Yakutat 
microplate collision. An alternative model [Soofi and Wu, 2008] use a thin- 
viscous-sheet model to investigate the effect of the Yakutat microplate colliding 
with Alaska. The model predicts topographic development where the Alaska Range 
is located and demonstrates that lateral strength heterogeneities in the crust play a 
role in the location of deformation. The timing of deformation predicted by the 
models differs from our new geological constraints, but the general concepts of the 
models are still applicable.
An analog for the Yakutat collision is the India-Asia collision, where 
modeling predicts that intra-plate deformation in the Tibet region began soon after
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collision and was caused by an indenting boundary concentrating strain along the 
southern edge of the strong Tarim Basin region [Dayem et al., 2009], Similarly, the 
deepest Neogene exhumation recorded in the Alaska Range is located at the apex of 
the curve in the Denali fault, with the late Paleozoic metamorphic Yukon- Tanana 
terrane to the north possibly acting as a strong backstop that concentrates strain 
from the Yakutat microplate collision. An alternative scenario is that the Hines 
Creek Fault (Figure 3.2), a major tectono-stratigraphic boundary that offsets the 
Moho, is acting like a backstop itself (Fig. 3.2) \ Veenestra et al., 2006],
Constraining the initial timing of tectonic plate collisions has proven 
problematic [Zhu et al, 2005], Part of the issue is that a lack of 
thermochronological evidence is not clear-cut proof that rapid exhumation did not 
occur. As stated at the start of the discussion, exhumation data sets can be quite 
biased, because samples are difficult to acquire in rugged topography and high 
erosion rates remove the earliest bedrock record of exhumation, causing unroofing 
histories to be incomplete. The issue of along- and across-strike variations in focus 
of exhumation also makes interpretations difficult. Other records, like nearby basin 
depositional histories, other regional thermochronological data and the timing of 
associated magmatism can support a thermochronological interpretation. Indeed, 
the onset of eastern Alaska Range exhumation and arrival of the Yakutat microplate 
are coeval, around -25 Ma. Geophysically plausible kinematic mechanisms have 
been proposed to drive coeval orogenesis in the Chugach-Saint Elias and Alaska
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Ranges. During the Neogene, basin formation and regional magmatism also 
occurred concurrently in southern Alaska. Although we cannot definitively 
constrain the timing of the initial collision of the Yakutat microplate, we add the 
results of this paper to the growing evidence that collision was underway by -24 
Ma (Figure 3.12).
3.7 Conclusions
In this paper we investigated the spatially variable exhumation history of 
the eastern Alaska Range and the far-field driving mechanism for regional Neogene 
deformation in southern Alaska using a novel graphical approach for 
thermochronological analysis. We suggest that temporal and spatial variations in 
the focus of exhumation and thermochronologic data bias (sample 
collection/preservation) often lead to interpretations of episodic exhumation when 
in fact persistent exhumation may have been occurring. These problems can be 
addressed by stacking the thermal history curves of spatially diverse samples to 
examine the long-term history of an orogen.
Based on stacked K-spar MDD thermal models and mica 40Ar/39Ar 
thermochronology of samples collected over a -100 km transect from the eastern 
Alaska Range, we show that sub-orogen scale regions have cooled rapidly at an 
average rate of -26  °C/Ma between -24  Ma and the present. Although the focus of 
exhumation varied over time, continual exhumation at a rate of -0 .9  km/Ma has 
occurred somewhere within the eastern Alaska Range since -24  Ma.
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The preponderance of evidence from thermochronology and basin analysis 
data shows initiation of rapid exhumation by ~24 Ma in southern Alaska that 
continues to the present. Collision of the Yakutat microplate is the most plausible 
far-field driving mechanism, and we suggest that it began at ~24 Ma, as was first 
proposed by Plafker et al. [1994], We also postulate that progressive collision of 
the Yakutat block accounts for motion of the southern Alaska block, slip on the 
Denali fault and orogenesis throughout southern Alaska.
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3.9 Figures
Tanana Basin
Figure 3.1: Tectonic map of southern Alaska. Modified from Haeussler et al.,2000. Major faults, tectonic plates, and tectonic blocks are labeled. Yakutat-North America plate motion (solid arrow) is from Fletcher and Freymueller [2003]. The open arrows show the hypothesized direction o f movement o f the southern Alaska block with respect to North America. The present location of the subducted Yakutat slab beneath the continental margin is denoted [after Eberhart-Phillips et al.,2006], A detailed digital elevation model of the Alaska Range flooded to 1000 m is used to emphasize topography. The main topography of the western and central Alaska Range is south of the Denali fault. The main topography in the eastern Alaska Range is north of the Denali fault. The rectangle delineates the study area in the eastern Alaska Range along the Denali fault shown in Figure 3.2. WAR: Western Alaska Range; CAR: Central Alaska Range: EAR: Eastern Alaska Range; DF: Denali fault;NR: Nenana River; DR: Delta River. TR: Tok River. Mount Mckinley [Denali] and Mount Kimball locations noted. Small digital elevation model of all of Alaska. SW: Southwest Alaska samples.
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Figure 3.2: Colored digital elevation map of the eastern Alaska Range, showing labeled sample locations and major faults. Purple sample labels are new data. Black sample labels from Benowitz et al. [2011]. Sample 01 KIM (Kimball) is located 90 km to the east of the Delta river. The red cross shows the epicenter of the November 2, 2002 M7.9 Denali Fault earthquake; the yellow cross the epicenter of the October 23, 2002 M6.7 Nenana Mountain earthquake. TB: Tanana Basin; NFTB: northern foothills thrust belt; HCF: Hines Creek fault; NG: Nenana Glacier; SGTF: Susitna Glacier thrust fault; BRG: Black Rapids Glacier. Red sample labels are new data. Black sample labels from Benowitz et al. [2011].
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Figure 3.3: Conceptual schematic illustration of the stacked thermochronology approach. Given the assumption that each modeled orogen’s complete thermal history is represented by four samples, these schematic figures illustrate two end- member scenarios for the stacking of K-spar MDD thermal models from an orogen experiencing a] Episodic exhumation and b] Persistent exhumation. For both scenarios, notice that if  each sample set is viewed individually, it appears that each orogen experienced numerous discrete exhumation events. When the effect of spatial variations in the focus of exhumation is removed by stacking region-wide data, orogen “A” experienced two distinct exhumation events whereas orogen “B” experienced persistent rapid exhumation somewhere at a relatively constant rate after a single change in tectonic process and/or rate. Exhumation rate based on an assumed thermal gradient of 30 °C/ km.
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Figure 3.4: Biotite 40Ar/39Ar age spectrum for sample 01KIM. Showing a simple diffusional loss profile and a well-defined plateau.
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Figure 3.5: Muscovite/biotite 40Ar/39Ar age spectra pairs for sample 26 and 28 RAP. Showing a simple diffusional loss profile and a well-defined plateau. The “gap” represents the time between closure for the two distinct phases.
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Figure 3.6: Complexly down-stepping K-spar 40Ar/39Ar age spectra. From samples 01 KIM, 26RAP, and 19BAL.
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Figure 3.7: Monotonic multiple diffusion domain (MD) thermal model generated for K-spar and biotite ages from sample 01 KIM. The MDD magenta band is the 90% confidence interval of the mean and the purple band is the 90% confidence of the distribution. The yellow bar is a projection of the long-term cooling rate past the closure temperature of K-spar to the present.
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Figure 3.8: Monotonic multiple diffusion domain (MDD) thermal model generated for K-spar from samples 26RAP, 19BAL, 26BAL, 03RAP, 03BAL, 18BAL, 22DEB, and 32NEN. The MDD magenta band is the 90% confidence interval of the mean and the purple band is the 90% confidence of the distribution. Black lines mark exhumation rate knick points.
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Figure 3.9: A) Example stacked MDD 90% confidence interval of the mean from samples 03 RAP, 03BAL, 18BAL, 22DEB from the high peak region of the eastern Alaska Range with temperature window shown for each sample. B) Stacked MDD 90% confidence interval of the mean of all the samples from the high peak region of the eastern Alaska Range (26RAP, 19BAL, 26BAL, 03RAP, 03 BAL, 18BAL, 22DEB, and 32NEN). Average rapid cooling rate labeled. Temperature windows removed for clarity.
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Figure 3.10: Standard composite of the MDD 90% confidence interval of the mean from samples from the high peak region of the eastern Alaska Range (26RAP, 19BAL, 26BAL, 03RAP, 03 BAL, 18BAL, 22DEB, and 32NEN).
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Figure 3.11: A) Age of initiation of rapid cooling versus distance from the Denali fault and elevation above sea level for all samples from the Balchen transect shown in figure 3.2. The Denali fault is interpreted to lie in the center of glacier in the study area. Lines show best linear fit to data points of same thermochronology method. Correlation coefficient is shown next to the best-fit lines. Although age of initiation of rapid cooling is correlated overall with both elevation and distance from the Denali fault, elevation is more significant. B) Stacked MDD 90% confidence interval of the mean of all four BAL (Balchen) samples with sample elevation and distance from the Denali fault in meters.
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Figure 3.12: Summary figure of K-spar MDD thermal models and mica closure ages for the eastern Alaska Range. Base map is detailed digital elevation model of eastern Alaska Range flooded to 1000 m to emphasize topography. The thermal history of 01 KIM on the southeast edge of the high peak region indicates slow post-emplacement cooling followed by slower background exhumation related to inferred movement along the Denali fault. Initiation of rapid cooling from samples from the high peak region is based on the well-constrained thermal model of each sample (Figure 3.8) at the initial point where cooling is > 10 °C/Ma. Average rapid cooling rate (°C/Ma) is a minimum time-averaged, long-term, rapid-cooling rate > 10 °C/Ma. Bold sample labels indicate close proximity to fault. Grey filled triangles are biotite cooling ages from Benowitz et al. [2011]. Error bars for the micas are smaller than the symbols used and so the symbols approximate the error.
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Table 3.1: Sample location, rock type and age summary data for feldspars and micas.
L ocation Elevation M ineral Integrated 
A ge (M a)
Plateau 
A ge (M a)
#  o f  
steps
M SW D
% o f 3,A r 
R elease
01K IM  granite
63 1694°N 1420 m K -spar 84 6±0 2
144 60362°W biotite 94 8 ±  0 5 96 1 ±  0 5 8 1 87 95 4
19BAL granite
63 5713°N 1 615m K -spar 18 0 ± 0  9
146 94813°W
26R A P  peg m a tite  g ia m te
63 519272°N  2076 m K -spar 14 0±0 1
146 60105°W biotite 19 5± 0 2 20 1 ±  0 2 11 0 6 1 93 8
m uscovite 24 3± 0 1 24 3 ±  0 1 4 1 52 97 5
28R A P  pegm atite  g /a m fe  
63 514757°N  2313 m biotite 19 7 ± 0  1 19 7± 0 1 9 1 92 77 0
146 6 I3 6 1 °W m uscovite 23 4 ±  0  1 23 4 ±  0 1 5 2 16 62 8
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Figure 3R.1: Time-Temperature results from the lower line of best-fit thermal history of sample 19BAL derived from MDD modeling. Rate o f > 10 °C is used to define rapid-cooling rate knick point.
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Figure 3R.2: 40Ar/39Ar age spectra for biotite from sample 01 KIM RAP.
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Figure 3R.3 40Ar/39Ar age spectra for muscovite and biotite from sample 26 RAP
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Figure 3R.4 40Ar/39Ar age spectra for muscovite and biotite from sample 28 RAP.
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Figure 3R.5: Monotonic multiple diffusion domain (MDD) thermal models,measured, Cl corrected and modeled 40Ar/39Ar age spectra, and Arrhenius plotgenerated for K-spar from sample 01 KIM.
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Figure 3R.6: Monotonic multiple diffusion domain (MDD) thermal models,measured, Cl corrected and modeled 40Ar/39Ar age spectra, and Arrhenius plotgenerated for K-spar from sample 26 RAP.
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Figure 3R.7: Monotonic multiple diffusion domain (MDD) thermal models,measured, Cl corrected and modeled 40Ar/39Ar age spectra, and Arrhenius plotgenerated for K-spar from sample 19BAL.
3.13 Repository Tables
Table 3R. 1: K-feldspar summary and model ages.
Step T (°C> t  (mm) wAr(mol) +/-
Cum
39Ar Age (M a) +/-
M odel
Age
Cl
Age +/-
01 K IM  K -F eldspar W eighted average o f J  from  standards = 7 125e-03 ±  1 903e-05
1 319 42 3 53E-13 3 36E-15 0 02423 536 40 18 65 18 65 34 97 1 38
2 382 14 9 4 1 E -1 3 1 06E-14 0 08887 539 73 10 68 1068 34 97 1 38
3 369 41 8 46E-13 9 25E-15 0 1 4 6 9 9 62 16 7 98 7 98 34 97 1 38
4 434 13 2 95E-12 1 61E-14 0 34929 128 6 1 77 1 77 34 97 1 38
5 420 41 4 22E-12 3 42E-14 0 63919 34 97 1 38 1 38 34 97 1 38
6 484 13 9 75E-12 1 94E-14 1 30915 62 59 0 59 0 59 38 51 0 59
7 470 41 1 03E-11 3 69E-14 2 01548 42 04 0 72 0 72 42 04 0 72
8 533 13 1 13E-11 4 54E-14 2 79021 50 14 0 56 0 56 44 43 0 56
9 520 41 1 39E-11 3 70E-14 3 74297 46 82 0 52 0 52 46 82 0 52
10 582 13 2 48E-11 8 49E-14 5 44402 60 79 0 57 0 57 48 99 0 57
11 569 40 2 16E-11 4 47E-14 6 92741 51 16 0 28 0 28 51 16 0 28
12 632 13 1 89E-1I 4 61E-14 8 22367 543 1 0 36 0  36 5431 0 36
13 619 40 2 46E-11 7 30E-14 9 91150 59 83 0 34 0 34 55 89 0 34
14 680 13 1 85E-11 6 28E-14 11 18046 57 46 0 40 0 40 57 46 0 40
15 668 41 2 24E-11 6 52E-14 12 72034 57 21 0 35 0 35 5721 0 35
16 731 12 1 6 5 E -1 1 4  74E-14 13 85292 59 50 0 59 0 59 59 50 0 59
17 719 40 2 3 1 E -1 1 7 48E-14 15 44251 60 83 0 38 0 38 60 83 0 38
18 782 13 1 3 9 E -1 1 3 63E-14 16 39705 62 99 0 37 0 37 62 99 0 37
19 767 41 221E -11 5 09E-14 1791277 64 82 0 32 0 32 64 82 0 32
20 830 12 1 3 7 E -1 1 2 93E-14 18 85039 68 38 0 44 0 44 68 38 0 44
21 816 40 1 9 3 E -1 1 3 18E-14 20 17510 69 40 0 32 0 32 69 40 0 32
22 877 13 1 50E-11 3 OOE-14 21 20381 74 17 0 43 0 43 74 17 0 43
23 868 40 2 38E-11 1 30E-13 22 83903 74 24 0 67 0 67 74 24 0 67
Table 3R 1 
C ontinued
24 926 13 1 81E-11 3 55E-14 24 08024 78 38
25 976 12 3 76E-11 1 19E-13 26 66536 79 65
26 1026 12 5 42E-11 1 73E-13 30 39085 80 46
27 1016 40 881E -11 2 04E-13 36 44467 81 64
28 1012 60 7 80E-11 1 71E-13 41 80144 84 47
29 1075 13 5 62E-11 1 09E-13 45 66318 89 19
30 1065 41 1 10E-10 3 59E-13 53 22715 89 52
31 1062 61 7 40E-11 1 13E-13 58 30899 90 75
32 1128 12 5 72E-11 8 68E-14 62 24121 94 67
33 1220 12 4  86E-10 3 50E-13 95 60395 95 99
34 1567 41 6 40E-11 3 07E-13 99 99999 93 65
Step T (°C ) t (m m ) (m ol) +/-
Cum
39Ar A ge (I\
2 6 R A P  FSUF1 , W eighted average o f  J  fr o m  standards = 3 411e-03 ±  I  05Ie -05
1 383 14 2 I9 E -I2 1 73E-14 0 14131 50 37
2 370 41 4  28E-12 3 33E-14 0 41751 6 98
3 437 13 1 7 1E -U S 2 9E -14 1 52357 14 58
4 421 41 2 07E-11 1 70E-13 2 86258 6 62
5 487 13 3 47E-11 2 85E-13 5 10372 9 73
6 472 41 3 29E-11 3 36E-13 7 23101 8 49
7 538 13 3 27E-11 3 08E-13 9 34269 9 34
8 521 41 541E -11 2 36E-13 12 83522 9 43
9 585 13 4  24E-11 2 36E-13 15 57613 9  79
10 571 40 391E -11 3 96E-13 18 09894 9 65
11 632 13 2 85E-11 1 38E-13 19 93964 10 02
12 621 40 3 15E-11 2 6 1 E -1 3 21 97601 9 98
13 681 13 2 09E-11 6 06E-14 23 32589 10 12
14 670 41 2 52E-11 2 26E-13 24 95377 10 18
15 732 12 1 85E-11 3 31E-14 26 14824 10 17
16 718 40 2 38E-11 4  65E-14 27 68626 10 54
17 783 13 1 71E-11 3 64E-14 28 78850 10 62
0 40
0 38
0 30
0  22
021
0 20
0 30
0 18
0 18
0  10
0 67+/-
3 52
1 62
0 68
0 47
0 29
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0 30
0 2
0 23
0 23
0 15
0  22
0 2 1
031
0 2 1
0 26
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0 38
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0  22
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0  20
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0  18
0 180 10
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Age
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0 2  
0 23 
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0  22 
0 2 1  
031 
0 2 1  
0 26 
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78 38
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89 19
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93 65Cl
Age
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6 5  
6 5  
6 62
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9 43 
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9 65
10 02
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10 62
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Table 3R I 
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18 771 41 2 59E-11 1 34E-13 30 46045 1071
19 831 13 1 72E-11 3 47E-14 31 56995 11 26
20 817 40 2 77E-11 1 87E-13 33 35935 11 40
21 882 13 2 26E-11 1 55E-13 34 82133 12 07
22 871 40 3 0 4 E -1 1 2 20E-13 36 78374 1231
23 934 13 3 09E-11 2 59E-13 38 77853 12 68
24 982 12 3 88E-11 4  00E-13 41 28579 13 38
25 1031 12 6 28E-11 2 74E-13 45 34406 14 19
26 1016 40 8 38E-11 2 62E-13 50 75659 14 84
27 1013 60 6 35E-11 2 96E-13 54 85468 15 27
28 1076 13 291E -11 3 53E-13 56 73721 15 78
29 1069 40 6 05E-11 2 63E-13 60 64525 16 23
30 1061 61 4 93E-11 2 75E-13 63 82869 16 57
31 1125 12 281E -11 3 58E-13 65 64350 18 17
32 1216 12 3 60E-10 3 09E-13 88 90087 17 78
33 1565 41 1 72E-10 1 83E-12 99 99999 15 24
Step T (°C) t (min)
39Ar
(m ol) +/-
Cum
39Ar A ge (M
19 B A L  F S#F 1, W eighted average o f  J  fro m standards = 3 507e-03  ±  I  639e-05
1 321 42 3 32E-13 1 09E-15 0 02062 357 68
2 380 14 1 17E-12 1 24E-14 0 09367 430 06
3 369 41 8 57E-13 5 66E-15 0 1 4 6 9 8 22 39
4 433 14 2 99E-12 4  67E-14 0 33268 83 86
5 420 41 3 00E-12 2 47E-14 0 51932 12 17
6 483 13 1 65E-11 1 78E-13 1 54477 32 5
7 469 41 1 23E-11 4 31E-14 2 30944 8 78
8 533 13 1 84E-11 2 98E-14 3 45236 10 53
9 519 41 2 56E-11 6 85E-14 5 04586 9 09
10 581 13 2 66E-11 8 88E-14 6 70244 11 65
11 571 40 3 09E -1I 8  15E-I4 8 62285 9 72
12 631 13 1 89 E -1 1 5 77E -I4 9 80121 10 53
0 16
0 19
0 18
0 26
02 1
0 23
0 27
0  12
0 12
0 15
0 38
0 15
0 19
0 49
0 04
031+/-
21 25
10 19
4  26
3 32
1 5
0 98
0 37
0  25
0  22
0 32016
0 17
0 16 
0  19 
0 18 
0 26 
0 2 1  
0 23 
0 27 
0 12 
0  12 
0 15 
0  38 
0 15 
0 19 
0 49 
0 04
0 31 
M odel 
Age
21 25 
10 19 
4 26 
3 32
1 5 
0 98 
0 37 
0 25 
0  22 
0 32 
0  16 
0 17
1071 
11 26
11 40
12 07 
1231 
12 68
13 38
14 19
14 84
15 27
15 78
16 23
16 57 
18 17
17 78
15 24 Cl 
Age
8 78 
8 78 
8 78 
8 78 
8 78 
8 78 
8 78
8 935
9 09 
9 405
9  72
10 53
0 16 
0 19 
0 18 
0 26 
0 2 1  
0 23 
0 27 
0  12 
0  12 
0 15 
0 3 8  
0 15 
0 19 
0 49 
0 04 
0 31  +/-
0 37 
0 37 
0 37 
0 37 
0 37 
0 37 
0 37 
0 25 
0  22 
0 32 016 
0 17
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
10 73
11 01
1085
11 61
11 19
11 68
11 8
12 68
12 19
13 36
1 3 4
15 33
15 55
163
16 69
16 88
19 26
19 06
19 28
21 36
20 87
1 696
618 41 2 53E -I1 6 40E-14 11 37204
679 13 1 91 E -1 1 5 31E-14 12 56201
667 41 2 42E-11 6 59E-14 14 06924
729 13 1 28E-11 5 64E-14 14 86375
717 40 2 30E-11 1 75E-13 1629512
778 13 1 65E-11 1 39E-13 17 32184
766 41 2 67E-11 8 37E-14 18 97984
827 12 1 83E-11 3 60E-14 20 11876
816 40 2 28E-11 4 48E-14 21 53725
876 13 1 6 3 E -1 1 4  89E-14 22 55394
866 40 2 91E-11 5 51E-14 24 36218
925 13 1 84E-11 3 80E-14 25 50686
975 12 3 24E-11 5 19E-14 27 52242
1024 12 521E -11 2 61E-13 30 76434
1013 40 8 40E-11 3 16E-13 35 98828
1009 60 6 24E-11 2 09E-13 39 87080
1076 13 3 86E-11 2 24E-13 42 27010
1065 41 7 32E-11 2 86E-13 46 82338
1060 61 6 62E-11 2 00E-13 50 94446
1122 12 341E -11 1 57E-13 53 06703
1218 12 5 8 1 E -1 0 3 98E-13 89 24210
1565 41 1 73E-10 1 04E-12 99 99999
0 17
0 19
0 16
0 3
0 32
0 2 1
0 17
0 18
0 15
0 27
0 15
0 18
0  11
0 16
0  12
0 19
0 2
0 130 I
0 18
0 03
0 15
0 17 10 73 0 17
0 19 10 79 0 19
0 16 10 85 0 16
0 3 11 02 0 3
0 32 11 19 0 32
0 21 11 68 0 21
0 17 11 8 0 17
0 18 11 995 0 18
0 15 12 19 0 15
0 27 13 36 0 27
0 15 1 34 0 15
0 18 15 33 0 18
0 11 15 55 0 11
0  16 163 0 16
0 12 16 69 0  12
0 19 16 88 0 19
0 2 19 26 0 2
0 13 19 06 0 13
0 1 19 28 0 1
0 18 21 36 0 18
0 03 20 87 0 03
0 15 16 96 0 15
K>O4^
Table 3R.2: 40Ar/39Ar data for step-heating analyses of micas
Laser C um 40A r/39A r +/- 37A r/39A r +/- 36A r/39Ar +/- % Atm Ca/K +/- C l/K +/- 40Ar*/39A rK +/- A ge +/-
(m W ) 39 Ar m eas m eas m eas 40 Ar (M a) (M a)
28RAP M U W eighted average o f  J from standards =  4 001 e-03 +/- 1 478e-05
300 0 0010 83 4972 1 1245 -0  00255 0 00691 0 28048 0 00873 99 3 0 00468 0 01268 0 02517 0 0 0 1 1 8 0 585 2 354 4 2 17 0
500 0 0028 23 7257 02161 0 00167 0 00654 0 07880 0 00407 98 3 0 00307 0 01200 0 00235 0 00058 0 4 1 2 1 206 3 0 8 7
750 0 0080 17 0426 0 1078 0 00216 0 00146 0 04758 0 00134 82 6 0 00396 0 00267 0 00051 0 00019 2 952 0 390 21 2 2 8
1000 0 0227 12 5200 0 0446 0 00074 0 00065 0 03076 0 00046 72 8 0 0 0 1 3 5 0 00119 0 00029 0 00008 3 400 0 136 24 4 1 0
1250 0  1087 4 8502 0 0106 0 00007 0 00010 0 00558 0 00011 34 2 0 00013 0 00018 0 00033 0 00003 3 173 0 033 22 8 0 2
1500 0  1694 5 4035 0 0092 0  00016 0  000 1 1 0  00735 0  00015 4 0 4 0 00029 0  00020 0 00031 0  00004 3 201 0  045 23 0 0 3
2000 0 3721 4  4060 0 0122 0 00011 0 00006 0 00385 0 00006 26 0 0 00021 0 00011 0 00036 0 00002 3 240 0 020 23 2 0 1
2500 0 6167 3 6140 0 0100 0 00014 0 00006 0 00090 0 00003 7 4 0 00025 0 00011 0 00035 0 00002 3 3 1 8 0 0 1 3 23 8 0 1
3000 0 7858 3 6306 0 0087 0 00019 0 00007 0 00105 0 00004 8 6 0 00034 0 00014 0 00041 0 00002 3 290 0 014 23 6 0 1
4000 0 8538 3 4270 0 0084 0 00011 0 00015 0 00052 0 00008 4 5 0 00020 0 00028 0 00039 0 00002 3 245 0 025 23 3 0 2
6000 0 9637 3 3753 0 0060 0 00005 0 00010 0 00023 0 00005 2 0 0 00009 0 00019 0 00036 0 00002 3 278 0 0 1 6 23 5 0 1
9000 1 0000 3 4223 0 0 1 2 5 -0 00032 0 00029 0  00029 0 00015 2 5 0 00059 0 00053 0 00041 0 00004 3 306 0 046 23 7 0 3
Integrated 4  2643 0  0043 0 00013 0 00004 0 00330 0 00003 23 0 0 00023 0 00007 0 00039 0 00001 3 260 0  009 23 4 0 1
28RAP B l W eighted average o f  J jr o m  standards = 4 001e-03  + /- 1 478e-05
300 0 0 1 1 9 46 4904 0 1755 0 00162 0  00053 0 14799 0 00096 94 1 0 00298 0 00098 0 00622 0 00013 2 730 0 255 1 96 1 8
600 0 1 155 5 2157 0 0 1 8 2 0 00037 0 00009 0 00816 0 00010 46 5 0 00069 0 00016 0 00205 0 00002 2 775 0 033 1 9 9 0 2
900 0  3820 3 0554 0 0082 0 00028 0 00003 0 00095 0 00001 9 2 0 00051 0 00006 0 00199 0 00002 2 746 0 009 1 9 7 0 1
1200 0 6 1 1 6 2 9779 0 0071 0  00046 0 00004 0 00053 0 00002 5 4 0 00084 0 00007 0 00190 0 00001 2 790 0 008 20 0 0 1
1500 0 7400 2 9522 0 0 1 1 4 0 00095 0 00009 0 00055 0 00004 5 5 0 00174 0 00016 0 00188 0 00004 2 761 0 016 1 9 8 0 1
2000 0 8447 2 9774 0 0109 0 00136 0 00010 0  00077 0 00005 7 7 0 00249 0 00019 0 00189 0 00003 2 722 0 0 1 8 19 5 0 1
2500 0 9028 3 0338 0 0095 0 00177 0 00019 0 0 0 1 1 5 0 00008 11 3 0 00324 0 00034 000191 0 00003 2 664 0 026 19 1 0 2
3000 0 9356 2 9883 0 0100 0 00203 0 00040 0 00083 0 00022 8 3 0 00372 0 00073 0 00185 0 00006 2 714 0 065 1 95 0 5
5000 0 9842 3 0098 0 0077 0 00247 0 00020 0 00087 0 00009 8 6 0 00454 0 00037 0 00191 0 00003 2 722 0 028 195 0 2
9000 1 0000 2 9648 0 0 1 6 5 0 00370 0 00066 0 00100 0 00027 1 00 0 00679 0 00120 0 00174 0 00007 2 640 0  082 1 9 0 0 6
Integrated 3 7492 0 0044 0 00085 0 00003 0 00328 0 00002 26 1 0 00156 0 00006 0 00199 0 00001 2 750 0 007 19 7 0 1
205
,0Ar/ » /
measurt
52 9 0 5 '
7 4660
4 6685
4  1358
4 0616
4 0861
4 3041
7 7282
7 7867
8 0232
8  0 0 1 2
7 8341
7 8033
7 7634
7 7403
7 6178
7 2185
7 7723
+/-
(M a)
127
0 6
0 40 1
0 3
0 3
0  2
1 5
0 91 01 12 1
1 4
1 6
1 7
0 6
19 2
0 5
+/- 37A r/39A r +/- 36A r/39A r +/- % Atm Ca/K +/- Cl/K +/- 40A r*/39A rK +/- Age
m easured m easured 40 Ar (M a)
W eighted average o f  J fr o m  standards = 3 4 1 le-0 3  + /- I 051e-05
1 0794 -0 00957 0 01735 0  16363 0 00758 91 4 -0 01755 0 03184 -0  00050 0 00086 4 522 2 098 27 6
0 0274 0 00396 0 00075 001191 0 00030 47 3 0 00727 0 00137 0 00049 0 00007 3 9 1 6 0 093 23 9
0 0664 0 00017 0 00012 0 00205 0 00004 13 0 0 00031 0 00022 0 00043 0 00005 4 034 0 063 24 7
0 0196 0 00054 0 00007 0 00055 0 00001 4 0 0 00099 0 00013 0 00040 0 00002 3 943 0 0 1 9 24 1
0 0427 0 00078 0  00008 0 00026 0 00003 1 9 0 00143 0 00014 0 00043 0 00003 3 955 0 043 24 2
0 0526 0 00032 0  00006 0 00016 0 00002 1 1 0 00059 0 00011 0 00039 0 00003 4 0 1 0 0 053 24 5
0  0213 0  00057 0 00004 000101 0 00002 7 0 0 00104 0 00008 0 00041 0 00001 3 977 0 021 24 3
W eighted average o f J  fro m standards = 7 I25e-03  + /- /  903e-05
0 0547 007161 0 00178 0 0 1 1 1 5 0 00039 42 7 0 1 3 1 4 0 0 00326 0 00431 0 00009 4 4 1 1 0 122 55 8
0 0629 0 00862 0 00047 0 00063 0 00014 2 4 0 01582 0 00087 0 00448 0 00007 7 571 0 074 94 8
0  0639 0  01066 0 00036 0  00045 0 00016 1 7 0 01957 0 00066 0 00464 0 00011 7 862 0 080 98 3
0 0824 0 02135 0 00054 0 00073 0 00014 2 7 0 03917 0 00100 0 00479 0 00007 7 758 0  092 97 1
0 1597 0 03189 0 00068 0 00001 0 00018 0 0 0 05852 0 00125 0 00478 0 00012 7 805 0 169 97 6
0 1132 0 07412 0 00118 0 00010 0 00008 0 3 0 13601 0 00217 0 00480 0 00013 7 750 0 115 97 0
0  1291 0  06195 0 00133 0 00022 0 00011 0 8 0 11367 0 00244 0 00491 0 00012 7 674 0 133 96 0
0 1366 0 04673 0 00123 0  00011 0 00012 0 4 0 08575 0 00226 0 00473 0 00010 7 681 0 141 96 1
0 0435 0 04777 0 00049 0 00001 0 00005 0 0 0 08765 0 00089 0 00479 0 00005 7 588 0 046 95 0
0 2295 0 04387 0 01326 -0 00202 0 00527 -8 4 0 08049 0 02433 0 00280 0 0 0 1 1 7 7 791 1 575 97 5
0 0312 0 04266 0 00029 0 00069 0 00004 2 6 0 07827 0 00052 0 00473 0 00003 7 543 0 033 94 4
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CHAPTER 4
CENOZOIC TECTONO-THERMAL HISTORY OF THE TORDRILLO 
MOUNTAINS, ALASKA: PALEO-EOCENE RIDGE-SUBDUCTION, 
DECREASING RELIEF, AND LATE NEOGENE FAULTING1
4.1 Abstract:
High temperature K-feldspar thermochronology (KFAT; Tc of -350-150 
°C) from bedrock samples from the Tordrillo Mountains in the western Alaska 
Range complement existing U-Pb, 40Ar/39Ar and AFT data to provide constraints 
on Paleocene pluton emplacement and cooling as well as Late Eocene to Miocene 
vertical movements and exhumation along fault-bounded blocks. Based on the 
KFAT analysis we also infer rapid exhumation-related cooling during the Eocene 
in the Tordrillo Mountains. Our KFAT cooling ages are coeval with the deposition 
of units in the Cook Inlet, Matanuska Valley and Tanana Basin which indicate 
high-energy depositional environments. They are also the same as cooling ages in 
the Iliamna Lake region, the Kichatna Mountains of the western Alaska Range and 
Mt. Logan in the Wrangell-St. Elias Mountains. We infer these cooling events and 
deposition of clastic rocks are related to the thermal effects of the passage of a slab 
window in Paleocene-Eocene time. In addition we conclude that the reconstructed 
KFATmax negative age-elevation relationship is likely related to a long period of
decreasing relief in the Tordrillo Mountains. Old cooling ages in the Kichatna
'Benowitz, J., Haeussler, P.J., Layer, P.W., O’Sullivan, P.O., Wallace, W.K., Gillis, R., Cenozic Tectono-thermal History of the Tordrillo Mountains: Ridge- subduction, Decreasing Relief, and Neogene Faulting, prepared for submission to Geochemistry, Geophysics and Geosystems.
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(AFT; Tc o f -120 °C; -50  Ma to -30  Ma) and the Kenai Mountains regions (AHe; 
Tc of -70  °C; -25 Ma to -15 Ma) and similar negative age-elevation relations 
support this interpretation of overall long-term slow erosion rates and a period of 
decreasing paleorelief in the western Alaska
4.2 Introduction
The topographically segmented, -700 km long Alaska Range can be 
divided into the eastern, central and western Alaska Ranges by regions of high and 
low topography (Figure 4.1). The eastern Alaska Range follows the curve of the 
Denali Fault strike-slip system, forming an arc of high topography across southern 
Alaska. The majority of the topography in the eastern Alaska Range lies north of 
the Fault. A region of low topography separates the eastern Alaska Range from the 
central Alaska Range, where the majority of high topography lies south of the 
Denali Fault. To the west, there is a restraining bend in the Fault northwest of Mt. 
McKinley. Southwest of the bend, the north-south trending western Alaska Range 
takes an abrupt 90 degree turn away from the Denali Fault.
The relationship between the Denali Fault system and the central and 
eastern Alaska Range has been documented through past thermochronology 
research [Fitzgeraldet al., 1995; Haeussler, 2008; Benowitz et al., 2011; Chapter 
3], The majority of the topography of the western Alaska Range is not spatially 
correlated with the Denali Fault system. However, it has been suggested that 
counter-clockwise rotation of the southern Alaska Block along the curved Denali
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Fault system may be responsible for deformation in the western Alaska Range 
(Figure 4.2) [.Haeussler et al., 2008]. Besides the distinctive north-south 
topographic signature of the western Alaska Range, the region can be divided into 
subranges (e.g., Tordrillo, Revelation, and Kichatna Mountains; Figures 4.1 and 
4.2). These subranges have a predominately domal topographic expression. To the 
south of the Tordrillo Mountains, the Neacola Mountains of the Aleutian Range 
also have a domal topographic expression (Figure 4.1).
We applied K-feldspar 40Ar/39Ar thermochronology (KFAT, Tc of -350 °C 
to -150 °C) to 10 previously collected bedrock samples from the Tordrillo 
Mountains of the western Alaska Range to further examine both the overall 
exhumation history of the region and possible mechanisms responsible for the 
region’s subrange-scale domal topography. In addition, we used the new western 
Alaska Range KFAT data to expand on a previous interpretation of unmapped 
faults by Haeussler et al. [2008] that was based on an AFT inverse age-elevation 
relationship.
4.3 Tordrillo Mountains (Western Alaska Range) Physiography
Numerous Late Cretaceous to Paleocene granitic plutons are found in the 
Tordrillo Mountains region [Reed andLanphere, 1973; Magoon et al., 1976], with 
40Ar/39Ar and U/Pb ages of -85 Ma to -  55 Ma [Haeussler et al., 2009]. A -58 Ma 
to -51 Ma mafic dike swarm also exists in the region [Haeussler et al., 2009]. 
There is a large gap between the age of the dikes and the next oldest dated igneous
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rocks in the Tordrillo Mountains region. These are associated with the active Spurr 
Volcano and have ages of ~1.8 Ma [.Haeussler et al., 2009]. The Quaternary Hayes 
Volcano [Riehle et al., 1990] is located 2.5 km west of sample 03PH401A (Figures
4.2 and 4.3). The well-constrained magmatic history of the Tordrillo Mountains 
makes the region a prime natural laboratory for the application of 
thermochronological techniques to reconstruct the region’s topographic 
development.
The western Alaska Range has a present average elevation o f -1300 m, 
with an area of high peaks above 2500 m in the Tordrillo Mountains (Fig. 4.1). A 
previous AFT study from the Tordrillo Mountains [.Haeussler et al., 2008] found a 
complex age-elevation relationship that led to an interpretation of unmapped thrust 
faults and proposed cooling events at -35 Ma, -23 Ma and -6  Ma (Fig. 4.4, Table 
4.1). The events at -23 Ma and -6  Ma were inferred to reflect cooling related to 
exhumation. The -35 Ma cooling event was recorded by only one sample and thus 
was not well documented.
South of the Tordrillo Mountains region, the Lake Clark Fault has 
undergone -26  km of right-lateral offset since the late Eocene [Haeussler and 
Saltus, 2004], Therefore, the sediment source in the Tordrillo Mountains has 
moved only a short distance relative to Cook Inlet basin between the Eocene and 
the present. The thick Miocene Tyonek Formation and Pliocene Sterling Formation 
in the neighboring Cook Inlet Basin (Fig. 4.2) [Fisher and Magoon, 1978] are
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consistent with the thermochronologic reconstruction of Mio-Pliocene uplift in the 
region [Fitzgerald et al., 1995; Haeussler et al., 2008].
Whether surface uplift in the Tordrillo Mountains is purely related to 
Neogene tectonic processes is not clear from the current thermochronological data. 
Further constraints (this study) on the thermal history of the region from higher- 
temperature thermochronometers (KFAT) provide insight into the tectonic history 
of the region from initial melt emplacement to closure through the AFT system.
4.4 Methods: Sampling and Analytical Techniques
We applied high-temperature feldspar thermochronology to 10 bedrock 
samples previously collected along a north to south transect of the spine of the 
Tordrillo Mountains [Haeussler et al., 2008] to better constrain the tectono-thermal 
history of the region. Samples were analyzed using 40Ar/39Ar thermochronology on 
potassium feldspar (K-spar) degassed using an argon laser (8 samples) or a 
resistance furnace (2 samples) at the University of Alaska Fairbanks geochronology 
facility (data repository table 4R.1). See Benowitz et al. [2011] and chapter 3 for 
detailed discussions of the University of Alaska Fairbanks Geochronology 
40Ar/39Ar dating procedures and methods.
We examine the resulting age spectra using a multi-domain diffusion 
modeling (MDD) approach (e.g., Lovera et al., 2002) to determine thermal 
histories. However, we do not model the complete time-temperature history of the 
KFAT analyzed samples. The short duration of the cooling age span (~4 Ma)
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exhibited by almost all of the Tordrillo Mountains samples limits the usefulness of 
the time and efforts of the full furnace iso-thermal duplicate heating schedule 
approach (Lovera et al., 2002). Due to the rapid cooling of the samples, timeTime- 
temperature models for the majority of samples would produce a steep straight line 
between -350 °C and -150 °C and would not provide additional information. 
Instead of a thermal modeling approach, we look at the time span between closure 
of the high-temperature (-350 °C) and low-temperature (-150 °C) domains for K- 
spar \Ridgway et al., 2007; Thoms, 2000; McDougall and Harrison, 1999; 
Copeland and Harrison, 1990], We interpret the KFAT thermal histories in relation 
to the timing of regional pluton and dike emplacement to distinguish between 
cooling related to magmatism, exhumation and thermal relaxation. We use the 
KFAT data to interpret fault blocks based on inferred cooling history parameters 
(timing and cause) and compare the new structural interpretation with the previous 
interpretation of unmapped thrust faults in the Tordrillo Mountains [.Haeussler et 
al., 2008]. The new KFAT data permit us to reconstruct the original relative 
positions of the inferred structural blocks. In addition, we used the KFAT 
maximum closure temperature age data (KFATmax) to evaluate the overall Tordrillo 
Mountains relief history since KFATmax closure. Benowitz et al. [2011] provide 
further details of the K-spar mineral separation and 40Ar/39Ar methods used at the 
University of Alaska Fairbanks geochronological facility.
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Samples from the northeast edge of the Tordrillo Mountains (01PH426A 
and 02PH332A) yielded K-spar analyses with well-defined 40Ar/39Ar age plateaus 
with flat age spectra (Figure 4.5, Table 4.2, Figures 4R.1 and 4R.2 and Table 4R.1 
in data repository). These samples are the only two out of the 10 analyzed that 
provided plateau ages. The age span between the high- and low-temperature closure 
domains for the samples was less than one million years, demonstrated by the high 
concordance between integrated ages (whole gas) and plateau ages for these 
samples (Table 4.2). Thus the inferred cooling rate between -350 °C and -150 °C 
for these two samples was geologically instantaneous. Samples 03PH407A and 
03PH408A (Figure 4.5, Table 4.2, Figures 4R.3 and 4R.4 and Table 4R.1 in data 
repository) are located farther within the Tordrillo batholith than 01PH426A and 
02PH332A. These samples produced similar down-stepping age spectra and 
closure spans (-4  Ma), indicating rapid cooled at a rate of -55 °C/Ma.
Samples 03PH402A, 03PH403A, 03PH404A, 03PH405A, and 03PH406A 
(Figure 4.5, Table 4.2, Figures 4R.5, 4R.6, 4R.7, 4R.8 and 4R.9 and Table 4R.1 in 
data repository) have down-stepping age spectra indicative of more complex 
thermal histories. Closure spans vary from -10  Ma to -4  Ma, with all samples 
cooling through the -150 °C isotherm by -40  Ma and recording rapid cooling rates 
between -20  °C/Ma to -50  °C/Ma. Sample 03PH401A was the sample collected 
closest to the Hayes volcano (Figures 4.3 and 4.5, Table 4.2, Figures 4R.5, 4R.6,
4.5 Results
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4R.7, 4R.8 and 4R.9 and Table 4R.1 in data repository). The 40Ar/39Ar analyses 
produced a multi-humped age spectrum for the less retentive, lower temperature 
domains that is indicative of excess argon or alteration [McDougall and Harrison, 
1999], The more retentive, higher temperature domains of sample 03PH401A 
produced an undisturbed age spectrum.
4.6 Discussion
Thermochronology provides information on the temperature history of a 
rock through time. From cooling ages and cooling age patterns we infer whether 
cooling or reheating was related to burial, rock uplift, surface lowering, magmatic 
events, or relaxation of isotherms. A geothermal gradient needs to be determined to 
quantify the amount of exhumation once additional constraints suggest that cooling 
resulted from rock uplift and exhumation. We have no measurements of the 
paleogeothermal gradient in the Tordrillo Mountains, so we made no attempts to 
quantify the total amount of exhumation or exhumation rates. However we used 
rock cooling and petrological observations to investigate whether an unusually high 
geothermal gradient may have been present. We used evidence of a high, standard, 
or low regional geothermal gradient to evaluate the possible far-field tectonic 
process responsible for exhumation in the western Alaska Range.
4.6.1 Mechanisms for Rock Cooling in the Tordrillo Mountains
Samples 01PH426A and 02PH332A cooled quickly (<~1 Ma) through the 
high temperature and low temperature closure domains for the KFAT system and
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have ages similar to the ~60 Ma crystallization age of the pluton. We infer that 
cooling was related to thermal relaxation following melt emplacement (Table 4.2). 
Alternatively, the samples may have cooled due to thermal relaxation after being 
heated by coeval dike emplacement. Regardless, the cooling measured in the 
KFAT data does not indicate cooling related to exhumation. We infer that the 
samples were emplaced at shallow depth above the -150 °C isotherm, which is the 
lowest temperature for Ar retention in KFAT.
Samples 03PH407A and 03PFI408A cooled quickly (-55 °C/Ma) between 
-55 Ma to -51 Ma, but not instantaneously. We interpret the rapid cooling of both 
samples as cooling related to thermal relaxation after crystallization deeper within 
the pluton than samples 01PH426A and 02PH332A. Alternatively, the samples 
may have cooled due to thermal relaxation after being reheated by coeval dike 
emplacement during this time period. Once again, we infer that the samples were 
emplaced at shallow depth above the -150 °C degree isotherm.
Samples 03PH402A, 03PH404A, 03PH405A, and 03PH406A all underwent 
rapid cooling long after initial crystallization (-60 Ma) and long after the end of 
dike emplacement in the region (-51 Ma). These samples record rapid cooling (20 
°C/Ma to 50 °C/Ma) between -50  Ma and -40  Ma which we attribute to rock uplift 
and exhumation. This interpretation is supported by the deposition of sediment in 
the West Foreland Formation during this time period [Flores et al., 2004], Sample 
03PH403A also most likely cooled as a result of exhumation based on its proximity
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to samples 03PH402A, 03PH404A, 03PH405A, and 03PH406A, but we cannot 
rule out the possibility that some of the higher temperature cooling is due to 
thermal relaxation after heating by dike emplacement at -51 Ma.
Sample 03PH401A most likely has been altered and affected by fluids from 
the Hayes volcano or other Quaternary igneous activity. Excess argon from fluids is 
known to produce irregular age spectra and geologically meaningless ages [Kelley, 
2002; McDougall and Harrison, 1999], Alternatively, sample 03PH401A may have 
undergone a short period of reheating, because the AFT age (-22 Ma) of the 
sample is older than the minimum K-spar closure age (-8.5 Ma) [Reiners, 2009]. 
The higher temperature and thus more retentive closure age (-33.2 Ma) for sample 
03PH401A probably records the time the sample was exhumed through the -350 
°C isotherm. There is no kinetic information (rate of cooling) associated with this 
age because of the altered low temperature release. The higher temperature age of 
sample 03PH401A is similar to the -35 Ma AFT rapid cooling age for sample 
03PH332A [Haeussler et al., 2008]. In addition, a large bedrock sample set from 
the Iliamna Lake region has a peak of rapidly cooled AFT ages at -  35 Ma (Figures
4.2 and 4.6) [O’Sullivan et al., 2010]. AFT data from the Kichatna Mountains 
(Figure 4.1) also have -35 Ma ages [Ward, 2010]. We infer that rapid exhumation 
was occurring over a large region of southern Alaska at around 35 Ma.
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4.6.2 Tordrillo Mountains Eocene Regional Cooling Rates, Total Rock Uplift, 
Cooling Amount, and Depth of Emplacement
The amount of Eocene exhumation-related cooling (-200 °C) documented 
by the KFAT span of the Tordrillo Mountains samples, assuming a standard 
continental geothermal gradient of -25 °C/km, would indicate -8  km of 
exhumation. Furthermore, using a -25 °C/km thermal gradient would imply that 
the Tordrillo Mountains pluton samples require at least -14  km of total 
exhumation. This is based on the fact that samples 03PFI402A, 03PH404A, 
03PFI405A, and 03PH406A have been exhumed through the KFAT and AFT 
thermal systems (-350 °C and -120 °C isotherms) and are now at the surface (-0  
°C isotherm). The presence of numerous miarolitic cavities in the region o f the 
Tordrillo sample traverse places petrological limits on the amount of exhumation in 
the region. Miarolitic cavities are not limited to, but are a strongly indicative of 
epizonal granite [Candela, 1997]. Epizonal granites by definition are emplaced -6  
km from the surface [Buddington, 1959], The fine to intermediate grain size of the 
samples also points to a shallow depth of emplacement. A higher than normal 
geothermal gradient could account for the discrepancy between the total cooling 
history and petrological evidence of limited exhumation.
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4.6.3 Tordrillo Mountains Block Boundaries Defined by KFAT 
Thermochronology Results
Samples 01PH426A, 02PH332A, 03PH407A, and 03PH408A all record 
rapid cooling related to post-crystallization thermal relaxation inferred from the 
KFAT data. As noted in section 4.5, the samples further with in the pluton cooled 
slightly later and slower. Samples 03PH404A, 03PH405A, and 03PH406A have 
similar high temperature closure ages and all indicate rapid exhumation-related 
cooling. Samples 03PH403A and 03PH402A have similar high domain closure 
ages and may represent a distinct population of samples based on the KFAT 
minimum (KFATmin) and KFATmax age-elevation pattern for all of the samples 
(Figures 4.7, 4.8). The uppermost sample, 03PH401A, records a different thermal 
history than all of the other samples, as demonstrated by its hump-shaped, less 
retentive phase age spectrum and discordant AFT closure age.
Based on the inferred mechanism for cooling (post-emplacement thermal 
relaxation), AFT data, KFATmin and KFATmax ages, we assign samples 01PH426A, 
02PH332A, 03PH407A, and 03PH408A to Block “A.” We assign samples 
03PH404A, 03PH405A, and 03PH406A to Block “B” based on the inferred 
mechanism for cooling (exhumation), AFT data, similar KFATmm and KFATmax 
ages and the intra-block KFATmax negative age-elevation pattern. For the same set 
of reasons, we assign samples 03PH403A and 03PH402A to Block “C.” We assign
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sample 03PH401A to Block “D” based on the inferred mechanism for cooling 
(exhumation), AFT data and inferred altered low-temperature KFAT closure age.
4.6.4 Tordrillo Mountains Age-elevation Relation Reconstruction and Block 
Model
We will postpone discussion of Block A, because the AFT (~35 Ma 
exhumation event) and KFAT (emplacement cooling) data from the block imply a 
different thermal history than Blocks B, C, and D. Whereas the AFT age-elevation 
relationship within blocks is positive, the expected pattern for both relief 
production and constant topographic relief over time (Figures 4.4 and 4.8a) [Braun 
et al., 2006; Braun, 2002a,b; e.g., Fitzgerald et al., 1995], the AFT data and KFAT 
higher temperature closure age data between Blocks B, C, and D show a general 
inverse age-elevation relationship. The youngest ages are at higher elevations. 
Haeussler et al. [2008] inferred thrust faults between what we refer to as sample 
Blocks A, B, C and D to explain the overall inverse AFT age-elevation relationship 
(Figures 4.4 and 4.8a).
When we consider the sample sets from Blocks B, C, and D as a whole 
(Figure 4.8a), the KFATmax data have a slightly negative age-elevation relationship 
Interestingly, the KFATmax age-elevation relationship within blocks is also 
negative. If we assume the intra-block pattern for the KFATmax ages mirrors the 
overall pattern prior to block motion, we can reconstruct the original pre­
displacement age-elevation relationship. The three samples in Block B have a
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KFATmax age-elevation lapse rate of -200 m/Ma. Applying this elevation/age lapse 
rate to Blocks C and D returns the AFT data to a highly correlated positive age- 
elevation relationship. Block D is moved up -1794 m relative to Block B and 
Block C is moved down -1340 m relative to Block B (Figure 4.8b).
We do not attempt to reconstruct Block A ’s original position relative to 
Block B. The KFAT data from Block A likely document cooling related to a 
magmatic process and not an exhumation event and thus are not equivalent. In 
addition, sample 02PH332A indicates a different exhumation history (e.g., rapid 
cooling at -35 Ma) than neighboring samples in the region. This may reflect 
translation along a strike-slip fault that has been documented adjacent to the sample 
location [Haeussler et al., 2008].
If we apply standard methodology to interpret a break in slope defined by 
the AFT age-elevation relationship [e.g., Fitzgerald et al., 1995], the reconstructed 
Block B, C, and D vertical transect is consistent with the previous track-length 
modeling of sample 03PH401A from Block D, which suggested the sample 
underwent rapid cooling at -23 Ma [Haeussler et al., 2008], We agree with this 
interpretation and infer -2000 m of exhumation of block D at -23 Ma (Figure 4.9). 
In addition, Block A, if one discounts outlier sample 02PH332A, underwent at least 
1000 m of exhumation at -23 Ma, which is also consistent with previous AFT 
modeling of sample 03PH401A (Block D) [Haeussler et al., 2008]. We infer that 
this exhumation event occurred in Blocks B and C also, but it is not captured by the
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available data due to unroofing and paleo-location of samples below the Tc for 
AFT during that pulse of rock uplift.
Using the elevations reconstructed from the KFAT and AFT data, we can 
restore the relative sample elevations through time and construct a plausible block 
model for the Tordrillo Mountains (Figure 4.10). The restored negative KFATmax 
age/elevation relationship suggests exhumation resulting from domal uplift in the 
Tordrillo Mountains between -50  to 35 Ma. The inferred fault between Block A 
and Blocks B, C and D was active during the initial Eocene exhumation event. This 
is inferred from the fact that samples from Block A do not record exhumation- 
related cooling during this time period compared samples from Blocks B, C, and D, 
which do. The inferred fault between Block A and Blocks B, C, and D was also 
likely active during the -23 Ma event. This is based on the fact that samples across 
the Block A/Block B, C, D boundary exhibit a distinictive break in AFT age 
patterns (Fig. 4.7 and 4.9, Table 4.1) [Haeussler et al., 2008].
Based on the available data, it is not possible to constrain the exact timing of 
movement along the inferred fault between Block D and Block C, but movement 
must be more recent than the -23 Ma exhumation event. Movement along the 
inferred fault between Block C and Blocks B and D must have occurred during or 
after the -6  Ma exhumation event.
There is not enough available information to determine whether the inferred 
blocks are separated by normal or reverse faults. It is possible that the bounding
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faults may have slipped in different directions to accommodate changing tectonic 
stresses (e.g., extension vs. contraction; north-south vs. east-west) over the last -50  
Ma.
4.6.5 KFATmax Negative Age-elevation Relationship
The unusual negative age-elevation relationship of the KFATmax ages 
deserves discussion in depth. The two most likely explanations for a negative age- 
elevation relationship are displacement along faults or decreasing relief with time 
[.Haeussler et al., 2008; Reiners, 2007; Braun, 2002a,b]. The negative age-elevation 
relation in the KFATmax ages within Blocks B and C discounts a structural 
explanation. How decreasing relief over time can lead to a negative age-elevation 
relationship is clarified by a short review of age-elevation plots and 
paleotopographic reconstruction.
Historically, age-elevation plots have been used to quantify exhumation 
history and rates. Exhumation histories were inferred from the slope of an age- 
elevation plot of cooling ages from the same thermochronometric system collected 
using a vertical profile sampling approach [e.g., Fitzgerald et al., 1995]. Both 
breaks in slope and the slope itself were commonly used to constrain exhumation 
rates and the start and end of exhumation events.
More recent work has demonstrated that surface topography can perturb 
subsurface temperature fields [e.g., Braun et al., 2006; Braun, 2002a,b]. The 
perturbation of temperature isotherms by surface topography is dependent on the
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wavelength of topography and the depth of the isotherm. The bending of isotherms 
can lead to a negative age-elevation relationship in a region of decreasing relief due 
to the vertical trajectory of rocks towards the surface (Cecil et al., 2006). Compared 
to constant relief, relief reduction leads to a shortening of the distance traveled from 
the time a rock sample crossed a closure temperature isotherm until the rock 
reached the surface on a ridge top (Figures 4.8 and 4.11). Conversely, the isotherm 
to surface distance will increase for rocks found at valley bottoms or lower 
elevation compared to a constant relief scenario. This leads to younger ages higher 
and older ages lower on age-elevation profiles (Figures 4.9 and 4.11) [Braun, 
2002b],
The wavelength, amplitude, and geothermal gradient must be high to 
perturb isotherms deeper than a few kilometers [Braun, 2002a,b]. Therefore, low- 
temperature thermochronometers such as AFIe are normally used to examine 
paleotopography [Reiners, 2007], When the wavelength of topography is long 
(~>50km) [Reiners, 2007], surface topography will perturb subsurface temperature 
fields deep enough to be recorded in high temperature thermochronometers like 
KFATmax- The current wavelength of topography in the Tordrillo Mountains is over 
-50 km both along and across trend (Figure 4.3). The Tordillo Mountains currently 
have a relief, or amplitude, of -2  km, but paleorelief may have been higher 
(Figures 4.3, 4.10 and 4.11).
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The amount that long wavelength topography perturbs subsurface 
temperature fields is strongly controlled by geothermal gradient [Reiners, 2007; 
Braun et al., 2006]. The -50  km wave length of the Tordrillo Mountains could only 
significantly deflect high temperature isotherms if the geothermal gradient was 
unusually high (>~40°C /km) [Braun, 2002b], We have no local constraints on the 
geothermal gradient in the Tordrillo Mountains during the time of closure for 
KFATmax (—50 Ma to -33 Ma). We infer that the geothermal gradient must have 
been higher than a standard continental geothermal gradient of ~25°C during this 
time period, based on the negative age-elevation relationship shown by the 
KFATmax cooling age data, petrological indicators of relatively shallow 
emplacement depth, and the total amount of cooling related to rock uplift and 
exhumation.
It is important to note that once a column of rock has passed through the 
-350 °C isotherm, the inverse age-elevation pattern would remain in the KFAT 
record even if  the geothermal gradient changed over time. Therefore, KFATmax 
closure ages and KFAT cooling span data likely reflect the creation of Eocene 
topography under a high geothermal gradient regime.
The KFATmax age-elevation relationship likely reflects decreasing relief of 
paleotopography through time and does not reflect the original exhumation event 
(Figure 4.11). The Neogene AFT data records younger pulses of exhumation (-23
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Ma and -6  Ma) under a different, though still high, geothermal gradient of 
~35°C/km [this study; Haeussler et al., 2008].
One implication of Eocene formation and subsequent decrease of relief in 
the Tordillo Mountains is that long-term erosion rates were slow in this region. If 
erosion rates were high, the record of the Eocene cooling event and 
paleotopography would have been removed through the process of unroofing. Slow 
erosion rates over -50  Ma time scales have been documented in other granitic 
orogenic belts [House et al., 2001]. Additional thermochronological evidence from 
the western Alaska Ranges provides supporting evidence for slow erosion and 
Eocene paleorelief. Samples from the Kichatna Mountains of the northern western 
Alaska Range (Figure 4.1) have AFT ages in the range of -52  Ma to -35 Ma, 
reflecting over-all slow exhumation (-0.08 km/yr) since the Eocene [Ward, 2010]. 
The Kichatna Mountain negative AFT age-elevation relationship further implies a 
long-term trend of decreasing paleorelief [ Ward, 2010]. The Kenai and Chugach 
Mountains (Figure 4.2) southeast of the Tordrillo Mountains also experienced 
relatively slow erosion (-0.2 km/Ma) during the last -25 Ma based on available 
AHe data [Buscher et al., 2008]. These data also have complex age-elevation 
relationships, implying a possible trend of decreasing relief over time in the Kenai 
and Chugach Mountains.
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4.6.6 Southern Alaska Paleocene-Eocene Tectonic Reconstruction: Ridge 
Subduction and Slab Window Migration
Near-trench plutons in the southern Alaska accretionary prism show an 
eastward progression in the age of magmatism in southern Alaska from 62 to 50 
Ma that reflects both subduction of an oceanic spreading center subparallel with the 
trench and eastward migration of the subducting ridge (Figure 4.12) [Farris and 
Paterson, 2009; Bradley et al., 2003]. This Paleocene-Eocene ridge subduction 
event is also associated with cessation of Cretaceous arc magmatism in the region 
[Ridgway et al., 2011].
A currently favored model for the configuration of oceanic plates in the 
North Pacific includes the existence of a Resurrection oceanic plate between the 
Kula and Farallon plates (Figure 4.12), which allows synchronous interaction of 
two trench-ridge-trench triple junctions at two widely separated locations along the 
northern Cordilleran margin during Paleocene-Eocene time [Farris, 2010; Madsen 
et al., 2006; Haeussler et al., 2003; Bradley et al., 2003].
Ridge subduction results in the formation of a gap between the two 
subducting plates, or slab window, which leads to upwelling of asthenospheric 
mantle beneath the upper plate. Slab windows are linked to geochemically 
distinctive magmatism and surface uplift [Groome and Thorkelson, 2009; 
Thorkelson, 1996], Based on geochemical and petrologic investigations, Paleocene- 
Eocene volcanic and intrusive rocks in south-central Alaska have been interpreted
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to be derived from depleted basaltic magmatic sources related to a slab window 
(Figure 4.12) [Cole and Layer, 2002; Cole et al., 2006; Thorkelson et al., 2011]. 
Cole et al. [2006] proposed that a slab window associated with subduction of the 
Resurrection-Kula ridge affected magmatic processes for -20  Ma after the initial 
ridge-subduction event (at -60  Ma). More recently, Thorkelson et al. [2011] 
proposed that a large swath of southern Alaska was affected by Cenozoic slab 
window events.
Paleocene-Eocene spreading ridge subduction in Alaska was also coeval 
with widespread mafic dike swarms and mafic volcanic rocks throughout southern 
Alaska. Between -57 Ma and -52 Ma, dike swarms intruded Mesozoic 
accretionary prism strata along the Border Ranges Fault system [Little and Naeser, 
1989]. Dike swarms also intruded a large portion of the western Alaska Range. A 
dike swarm in the Tordrillo Mountains region has whole rock 40Ar/39Ar ages that 
range between -58 Ma and -51 Ma [Haeussler et al., 2009]. To the west in the 
Revelation Mountains region, mafic dikes and extrusive rocks have K-Ar ages 
between -55 Ma and -42  Ma [Solie et al., 1991], In the Yukon Territory of 
Canada, magmatic evidence also exists for a slab-window event during the 
Paleocene-Eocene [Miskovic and Francis, 2006],
Correlating surface uplift to Paleocene-Eocene ridge subduction in southern 
Alaska presents several challenges. For instance, lack of constraints on regional 
elevations before ridge subduction limits the ability to tie topographic development
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directly to ridge subduction. An additional challenge to tectonic reconstruction is 
the possibility of surface uplift and translation related to movement on any of the 
numerous strike-slip faults in the region [Lake Clark Fault, Haeussler and Saltus, 
2004; Border Ranges Fault, Roeske et al., 2003; Denali Fault, Miller et al., 2002], 
Local structural settings may also play a role in the exhumation history o f southern 
Alaska during thise time period [Gasser et al., 2011], Changes in the obliquity of 
convergence between the subducting oceanic plate and North America may also be 
responsible for surface uplift [~56 Ma to ~43 Ma; Doubrovine and Tarduno, 2008; 
Engebretson et al., 1985; Stock andMolnar, 1988]. In addition, a slab window 
would lead to both high and perturbed geothermal gradients, which complicates 
attempts to infer amount of exhumation from thermochronologic cooling-age 
constraints [Groome and Thorkelson, 2009], The time-progressive spatial widening 
and thermally evolving nature of slab windows makes tectonic reconstruction from 
cooling ages and patterns after ridge subduction a five-degree problem [x, y, z 
location, time, and temperature; Groome and Thorkelson, 2009, Madsen et al., 
2006; Thorkelson, 1996]. Furthermore, the relaxation of elevated isotherms to pre­
slab window conditions could result in rock cooling, when in fact no rock uplift 
took place. Possible regional subsidence related to thermal-relaxation after the 
passage of a slab window is yet another complication to topographic 
reconstruction.
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Caveats aside, thermochronology results from across southern Alaska 
[western Chugach Mountains, Little and Naeser, 1989; St. Elias Mountains of 
Alaska/Yukon, O ’Sullivan and Currie, 1996;Yukon-Tanana Upland, Dusel-Bacon 
and Murphy, 2001; eastern Chugach Mountains, Enkelmann et al., 2008, 2009, 
2010] have been interpreted as evidence of widespread exhumation-related rapid 
cooling between -43 Ma and -32  Ma (Figure 4.12). In particular, a well- 
constrained period of rapid cooling is documented at Mount Logan between 
-43 Ma and -36  Ma [O ’Sullivan and Currie, 1996], The authors concluded that 
-200 °C of rock cooling occurred in -8  Ma and inferred a high geothermal gradient 
of 50 °C /km based on the thermochronological analysis. Herein, we correlate 
rapidly cooled bedrock indicated by AFT data from the Iliamna Lake region with 
the Tordrillo Mountains Eocene exhumation event (Figure 4.6) [O ’Sullivan et al., 
2010]. In addition, the Kichatna Mountains have surface AFT ages from -51 Ma to 
-35 M,a implying that this was a period of rapid exhumation in the region.
Regional basin analysis also supports the occurrence of surface uplift in 
southern Alaska during this time period. Paleocene-Eocene deposits from Cook 
Inlet [West Foreland Formation; Flores et al., 2004], Matanuska Valley [Wishbone 
Formation; Trop and Ridgway, 2007], the Cantwell basin [Teklanika Formation, 
Gilbert et al., 1976] and the Amphitheater Formation near the Canada/Alaska 
border [Sweet and Cameron, 1991] all provide evidence of Paleocene-Eocene high- 
energy depositional environments (Figure 4.12).
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Extensive new basin reconstruction work by Ridgway et al. [in press] 
concludes that the Paleogene-Eocene ridge subduction event led to intrabasinal 
topographic highs with adjacent depocenters across southern Alaska. Their tectonic 
reconstruction infers that uplift and subsidence were spatially diachronous related 
to the progression of flat-slab subduction of the spreading ridge and an associated 
slab window. West to east time-progression of an unconformity in Paleogene 
southern Alaska forearc basins [White et al., 2006] is in agreement with this ridge- 
subduction model.
If the high topography of the western Alaska Range, and the Tordrillo 
Mountains in particular, are related to a slab window event, then the effects of slab 
windows deserve further discussion. To summarize, slab window events are 
associated with domal uplift, mantle derived magmatic rocks, time progressive 
spatially diachronous surface uplift, basin development and a high geothermal 
gradient [e.g., Rosenbaum and Mo, in press; Guenthner et al., 2010; Cole and 
Stewart, 2009; Bradley et al., 2006; Sisson et al., 2003; Hole andLeMasurier, 
1994],
The basaltic trachyandesite dikes of the Tordrillo Mountains [Haeussler et 
al., 2009] are associated as products of a slab window events [Ickert et al., 2009; 
Cole et al., 2006], The chemistry of the mafic dike swarms in the northern western 
Alaska Range [Solie et al., 1991] is not known, but the age of the dikes is coeval 
with the suggested time of the ridge-subduction event. We have already discussed
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the domal topography of the sub-ranges of the western Alaska Range: Tordrillo 
Mountains, Revelation Mountains, the Kichatna Mountains and the Neacola 
Mountains of the Aleutian Range (Figures 4.1, 4.3 and 4.10) and basin formation 
[e.g., Ridgway et al., in press]. Data are limited, but the available constraints 
indicate that Eocene uplift in southern Alaska began to the west and migrated to the 
east [this study, Garver et al., 2010; Enkelmann et al., 2010; White et al., 2006; 
O ’Sullivan and Currie, 1996], in broad agreement with the timing of near-trench 
magmatism related to eastward migration of ridge subduction [Farris and 
Paterson; 2009; Bradley et al., 2003],
The process of ridge subduction and related slab windows can lead to high 
geothermal gradients [50 °C/km to 100 °C/km; Groome and Thorkelson, 2009]. We 
have already discussed new evidence for a high geothermal gradient during the 
Eocene in the Tordrillo Mountains and existing paleogeothermal constraints for the 
Mount Logan region. In addition, Dusel-Bacon and Murphy [2001] infer an Eocene 
geothermal gradient of -45 °C/km for the Yukon-Tanana Upland based on an 
intraplate magmatic episode in the region, possibly related to ridge subduction. 
Hence, a growing body of magmatic and thermochronological data indicate that a 
large portion of southern Alaska had a high geothermal gradient during the Eocene. 
We can not determine whether surface uplift was purely related to a thermal event, 
but both high geothermal gradients and domal uplift are associated with thermal 
uplift events [Taylor and Fitzgerald, 2011].
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A consideration of the regional tectonic history suggests that the likely 
cause for the ~50 Ma to -35 Ma rock uplift event in the western Alaska Range is 
the thermal effects of the passage of Paleocene-Eocene slab window. Thermal 
uplift related to a slab window can be a dynamic process, with uplift followed 
quickly by subsidence. The tectono-thermal record indicates sustained relief, albeit 
decreasing with time. Injection of magma into the crust most likely led to crustal 
thickening and an isostatic response that limited post-thermal relaxation subsidence 
[e.g., Taylor and Fitzgerald, 2011], Inferred sustained surface uplift is substantiated 
by the fact that the lower temperature KFAT domains have not been reset in any of 
the samples, except possibly the altered sample (03PH401 A) in Block D.
Alternatively, the -35 Ma event seen in the Tordrillo Mountain AFT data, 
Kichatna Mountain AFT data and Iliamna Lake region AFT data could be related to 
predicted thermal relaxation after the passage of a slab window. Thermal relaxation 
of isotherms may be responsible for part of the measured cooling, in association 
with limited rock uplift and exhumation. We discount this possibility because of the 
aforementioned unreset KFAT data, the negative age-elevation relationship of the 
KFATmax data which implies sustained, albeit decreasing relief and the inferred 
high Neogene geothermal gradient [Haeussler et al., 2008],
Based on the available thermochronometric data, we propose the presence 
of more than one slab window under southern Alaska [Madsen et al., 2006] or a 
single slab window with a complex geometry. The second scenario could result
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from non-orthogonal intersection of a trench with a segmented ridge-transform 
system along the subducting Kula-Resurrection ridge [Farris and Paterson', 2009; 
Thorkelson, 1996]. Use of thermochronology to investigate the Antarctica-Phoenix 
ridge subduction event has demonstrated that each type of slab window should 
produce a unique style of uplift that reflects the geometry and evolution of the 
window [Guenthner et al., 2010], In addition, the unusual high topography of the 
western Alaska Range may also be affected by location above the edge of a slab- 
window [Guillaume et al., 2010].
-50 Ma to -35 Ma was a dynamic time in Alaskan tectonics. Coeval with 
the slab window event is the possibility of thermal uplift related to proposed 
-68 Ma to -44  Ma oroclinal bending in southern Alaska [Hillhouse and Coe,
1994], It is plausible that part of the magmatic activity in southern Alaska during 
this time period is related to this bending (Cole et al., 2006), but the regional extent 
and timing of the thermal event in the western Alaska Range and the Mount Logan 
region discounts oroclinal bending as the main contributor to surface uplift in 
southem-Alaska during this time period. Oblique subduction following plate 
reorganization at -52  Ma and associated strike-slip faulting [Miller et al., 2002] 
may also have contributed to surface uplift in southern Alaska, but in itself would 
not lead to a regionally high geothermal gradient, thermally related uplift or mantle 
derived magmatic events.
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KFAT data provided an expanded view of the thermal history of the 
Tordrillo Mountains. The KFAT data also support structural interpretations made 
using AFT data alone. Interpretation of cooling history was facilitated by using the 
thermochronology data to identify displaced structural blocks. KFAT and AFT data 
document rapid Eocene cooling (-50 Ma to -35 Ma) in the Tordrillo Mountains, 
and we infer that this cooling was related to exhumation. AFT age-elevation profile 
reconstruction supports previous AFT constraints indicating significant exhumation 
at -23 Ma in the Tordrillo Mountains (Figure 4.13). Since the Eocene, we infer a 
general trend of decreasing relief in the Tordrillo Mountains from the reconstructed 
negative KFATmax age-elevation profile. This conclusion is in agreement with 
thermochronological constraints from the Kichatna and Kenai Mountains. We thus 
infer that a large portion of the relief in the western Alaska Range was formed 
during the Eocene.
The amount of Eocene cooling indicated by the Tordrillo Mountain samples 
demands either a large amount of rock uplift, for which supporting data is lacking, 
or an unusually high geothermal gradient. A high geothermal gradient is in 
agreement with previous thermochronology work at Mount Logan. We infer a high 
geothermal gradient (-50 °C/km to -100 °C/km) and deflected isotherms at depth 
for the Eocene Tordrillo Mountains based on evidence of a slab window. Overall 
spatial resolution of Paleocene-Eocene thermochronological data in southern
4.7 Conclusions
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Alaska is limited, but a trend of initiation of exhumation progressing from west to 
east coincides with the progression of ridge-subduction related neartrench 
plutonism during this time period.
Southern Alaska Paleocene-Eocene ridge subduction, associated flat-slab 
subduction, and related slab window evolution has led to asymmetric and 
diachronous topographic development, magmatism, and basin subsidence and 
inversion across southern Alaska. Further research is needed to better constrain the 
geometry and location of slab window(s) under southern Alaska during this time 
period.
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4.9 Figures
Figure 4.1: Digital elevation map of the topographically segmented Alaska Range flooded to 795 m to emphasize high topography. Denali Fault noted by long-dashed black lines. Inset digital elevation map of Alaska with Alaska Range outlined.
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Figure 4.2: Map of south central Alaska. Triangles show active volcanoes. Figure from Haeussler et al. [2008], Location of Tordrillo Mountains samples indicated by black circles. Major faults labeled.
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Figure 4.3: Digital elevation map of Tordrillo Mountains of western Alaska. Sample locations denoted by red circles. Sample names shortened to number for figure clarity (e.g., 426 is 03PH426). KFAT maximum and minimum ages and AFT ages are presented. Dashed lines represent boundaries of “blocks” inferred from the AFT data and the KFAT data. AFT data from Haeussler et al. [2008], Profile for figure 4.10 shown by A - A ’.
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Figure 4.4: Age-elevation plot of AFT dates with two sigma errors. From the Tordrillo Mountains Haeussler et al. [2008]. Sample names shortened to number for figure clarity. Sample numbers are indicated next to data points. Interpreted cooling events at ~6, -23, and -35 Ma are noted. Samples 404, 405, and 406, within grey box, are interpreted to have been in a partial annealing zone and cooled slowly. Because age does not increase with increasing elevation between samples 407 and 406 and between 404 and 403A Haeussler et al. [2008], thrust or reverse faults are inferred between the sample pairs, as shown with grey fault symbols. These faults could also be normal faults. A northwest striking strike-slip fault separates sample 332 from the other samples, and may be the cause of the age discrepancy.
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Figure 4.5: 40Ar/39Ar age K-spar spectra for the ten Tordrillo Mountains samples Previously dated with AFT thermochronology [.Haeussler et al., 2008]. Plateau ages are given for samples 01PFI426Aand 02PFI332A, which experienced rapid post-emplacement cooling. Span ages (KFAT maximum and KFAT minimum ages) are given for all other samples.
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Figure 4.6: Probability plot of AFT ages from igneous, metamorphic, and sedimentary units in the area of the Pebble deposit (-200 km south-southwest of Tordrillo Mountains) [compiled from O ’Sullivan et a l , 2010] that record rapid cooling. A population peak at -35 Ma may be related to the same thermal event as seen in the Tordrillo Mountains AFT and KFAT data (Figures 4.4 and 4.5) and Kichatna Mountains AFT data [Ward, 2010], The population peak around -23 Ma may be related to -23 Ma cooling event in the Tordrillo Mountains (Figure 4.4) that is correlated with the initiation of Yakutat microplate flat slab subduction [Benowtiz et al., 2011; Haeussler et al., 2008].
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Figure 4.7: A) AFT and KFAT span ages plotted vs. elevation. Along a general northeast to southwest sampling transect in the Tordrillo Mountains. Sample names shortened to number for figure clarity. Part of sample 403 cooling history may have been affected by reheating and then cooling related to thermal relaxation following dike emplacement in the region between -58 Ma and -51 Ma. Samples 426, 322, 408, and 407 most likely record cooling related to thermal relaxation after initial magma crystallization.B) AFT and KFAT minimum ages plotted vs. elevation along a general northeast to southwest sampling transect in the Tordrillo Mountains. Sample names shortened to number for figure clarity. Exhumation events were interpreted from the AFT data at -35 Ma, -23 Ma, and -6  Ma. The KFAT minimum ages from the same samples can also be divided into four distinct blocks, inferred to be fault-bounded. Note that the AFT data also show similar groupings and relations. Block A, based on new KFAT data and previous U-Pb data, records post-emplacement rapid cooling between -57  Ma and -51 Ma. Block B and Block C indicate rapid exhumation-related cooling between -49  Ma and -39  Ma based on the KFAT data for these samples and because the thermal event occurred after pluton (-60 Ma) and dike (-51 Ma) emplacement in the region. Block D is the closest sample to an active volcano (Hayes) and the young/discordant KFAT data from sample 401 may reflect partial resetting due to heating by fluids combined with possible excess Ar that is commonly associated with fluids. Thus, the KFAT minimum age data from sample 03PH401A may be useful for defining a fault-block boundary, but not in deciphering the thermal history of the region. Note that sample 332 with an AFT age of -35 Ma is anomalous relative to neighboring samples, and may have been displaced to its current position by possible strike-slip faulting.
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Figure 4.8: A) KFATmax and AFT cooling ages plotted vs. elevation. Defined structural blocks noted. Both KFATmax and AFT cooling ages have general negative age-elevation relationships with younger ages at higher elevations. Intra­block AFT cooling ages in Blocks B and C have a positive age-elevation relationship while intra-block KFATmax ages in Blocks B and C have a negative age-elevation relationship. The elevation/age lapse rate for KFATmax is -200 m/Ma for Block B (blue line).B) Reconstructed Block C and Block D positions relative to Block B based on the KFATmax lapse rate. Block A is not moved because we infer KFATmax ages for these samples records magmatic cooling. We infer that KFATmax ages for Blocks B, C, and D record rock uplift cooling. Block D is moved up 1794 m and Block C is moved down 1340 m. The AFT data age-elevation relation before fault displacement is independently reconstructed.
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Figure 4.10: Block diagrams of the Tordrillo Mountains through time based on the AFT and KFAT data. Topographic profile is north to south along profile A to A ’ (Figure 4.3, 4.13). Samples are projected onto the profile line. Bulb on end of sample’s hash mark is real elevation of samples. Sample names shortened to number for figure clarity.A) Samples in Blocks C and D are moved to pre-faulting position relative to Block B. Red color denotes region with inferred thermally related rock uplift between -49 Ma and -35 Ma.B) At -23 Ma the entire sampled Tordrillo Mountains region was rapidly exhumed (Figure 4.4 and 4.9). The minimum amount of documented exhumation is different for Blocks A and D. The AFT data from samples in Blocks B and C do not document the -23 Ma event, likely due to erosion of the thermal record or paleo- location of samples below the Tc for AFT.C) Block D moved down relative to Block B after -23 Ma. Block C moved up either during or after the -6  Ma exhumation event.
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Figure 4.11: Conceptual cross section of the Tordrillo Mountains explaining the negative KFATmax age-elevation relationship. Diagram details how long wavelength, high amplitude topography with a high geothermal gradient during a period of decreasing relief can lead to a KFATmax negative age-elevation relationship in samples from the Tordrillo Mountains (Figure 4.8). Samples after KFATmax closure in the column of rock Ziow would take longer to reach the surface than sample in column of rock Zhigh. This is due to both isothermal bending and differential unroofing at higher elevations during a period of decreasing relief. This scenario is likely responsible for the KFATmax negative age-elevation relationship in the Tordrillo Mountain samples. Samples 03PH406A (49 Ma KFATmax) and 03PH401A (33 Ma KFATmax) are shown with real elevations as an example.
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Region likely affected by an Eocene slab window
Figure 4.12: Eocene slab window summary figure. Showing near-trench pluton emplacement ages, ages of near-trench initiation of rapid exhumation, basin formation and regional magmatism across the region of Alaska affected by the Paleocene-Eocene ridge subduction-related slab window. Basins: Cook Inlet Basin; CIB, Matanuska Basin; MB, Cantwell Basin; CB, Amphitheater Basin; AB. Western Alaska Range Yolcanics: WV; Jack River Volcanics: JV, Central Talkeetna Volcanics: CTV; Caribou Hill Volcanics: CV; Tanana Valley Volcanics: TV; Sifton Volcanics: SV. Denali Fault system: DF; Border Ranges Fault system: BRF are also shown. Modified from Ridgway et al. [in press]
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4.10 Tables
Table 4.1: Samples, locations, FT age summary________________________
sam ple latitu de (°N) long itude (°W ) elevation (m )
elev. d iff btw n  
sam ples (m)
fission track  
m ineral
pooled FT  
age (M a)
pooled FT  
a ge err 
(M a)
A H e average 
corr. A ge (M a)
03PH 401A 61 58353 152 39147 3231 . . . apatite 23 4 4 3 7 9
03PH 402A 61 60664 152 36806 2779 452 apatite 7 9 1 3 6 1
03PH 403A 61 61096 152 35458 2441 338 apatite 5 8 0 8 15 8
03PH 404A 61 62679 152 33105 2129 312 apatite 1 66 2 2 -
03PH 405A 61 65242 152 33069 1897 232 apatite 11 2 5 8 1 9 9
03PH 406A 61 65546 152 31454 1617 280 apatite 11 6 2 5 -
03PH 407A 61 66690 152 30583 1351 266 apatite 23 0 2 0 39 7
03PH 408A 61 67676 152 28687 1037 314 apatite 22 3 2 1 3 7 3
02PH 332A 61 66985 152 08268 701 336 apatite 35 5 2 7 48 0
01PH 426A 61 73477 152 07037 295 406 apatite 23 1 2 9 74 8
N A D 27 datum
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(F) Furnace 
(L) Laser
Table 4.2: Summary of K-Spar 40Ar/39Ar results.
Sam ple nam e Latildudc (N) Longitude
(W )
Elcv
(m)
Intcrgratcd age (M a) Plataeu age (M a) Span (M a) T otal span (M a) Cooling rate (C /M a) Cooling In terpellation
03PH 401A (F) 61 58353 152 39147 3231 30 0+-0 3 - 33 2+-1 2 to 8 5 +-2 2 24 7 8 1 A ltered o r reheated9
03PH 402A (F) 61 60664 152 36806 2779 43 5+-0 3 - 50 2+-0 8 to 39 5+-0 7 10 7 1 87 Exhum ation
03PH 403A (L) 61 61096 152 35458 2441 50 5+-0 2 -- 51 6+-0 4 to 46 8+-0 5 4 8 41 7 Dike em placem ent9
03PH 404A (L) 61 62679 152 33105 2129 47 3+-0 4 „ 46 4+-0 7 to 39 1+-1 2 7 3 27 4 Exhum ation
03PH 405A (L) 61 65242 152 33069 1897 47 2+-0 2 - 47 9+-0 2 to 44 0 + -1  7 3 9 51 3 Exhum ation
03PH 406A (L) 61 65546 152 31454 1617 46 6+-0 3 -- 49 0+-0 4 to 40 0 +-2 3 9 22 2 Exhum ation
03PH 407A (L) 61 66690 152 30583 1351 52 8+-0 2 -- 54 9+-0 3 to 51 2 +-0 5 3 7 54 1 Slow  em placem ent
03PH 408A (L) 61 67676 152 28687 1037 54 2+-0 2 -- 54 7+-0 3 to 51 3 +-0 8 3 4 58 8 Slow  em placem ent
02PH 332A (L) 61 66985 152 08268 701 55 5+-0 3 55 5+-0 3 - -- 200 Rapid em placem ent
01PH 426A (L) 61 73477 152 07037 295 57 1+ -4 57 0+-0 2 - - 200 Rapid em placem ent
N A D 27 datum
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Figure 4R.1: 40Ar/39Ar age spectra for K-spar from Tordrillo Mountains sample02PH322.
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Figure 4R.2: 40Ar/39Ar age spectra for K-spar from Tordrillo Mountains sample01PH426A.
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Figure 4R.3: 40Ar/39Ar age spectra for K-spar from Tordrillo Mountains sample03PH408.
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Figure 4R.4: 40Ar/39Ar age spectra for K-spar from Tordrillo Mountains sample03PH407.
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Figure 4R.5: 40Ar/39Ar age spectra for K-spar from Tordrillo Mountains sample03PH406A.
Cl
/K
 
Ca
/K
 
Aq
e 
in 
M
a
264
0 3 P H 4 0 S A  F S # ^  A g e  S p e ctru m
Fraction  of 3 9 A r R e lea se d  
0 3 P H 4 0 5 A  FS #1  C a /K1
0 9  
0 8  
0 7  
0 6  
0 5  
0 4  
0 3  
0 2  010
0 0  0 2  0 4  0 6  0 8  1 0
Fraction  o f  3 9  A r R e le a s e d
01 
0 0 9  
0 08  
0 07  
0 0 6  
0 0 5  
0 04  
0 0 3  
0 02  
0010
0 0  0 2  0 4  0 6  0 8  1 0
Fraction  o f 3 9 A r R e le a s e d
0 3 P H 4 0 5 A  r S #  1 C l/K
Figure 4R.6: 40Ar/39Ar age spectra for K-spar from Tordrillo Mountains sample03PH405A.
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Figure 4R.7: 40Ar/39Ar age spectra for K-spar from Tordrillo Mountains sample03PH404A.
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Figure 4R.8: 40Ar/39Ar age spectra for K-spar from Tordrillo Mountains sample03PH403A.
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Figure 4R.9: 40Ar/39Ar age spectra for K-spar from Tordrillo Mountains sample03PH402A.
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Figure 4R .10:40Ar/39Ar age spectra for K-spar from Tordrillo Mountains sample03PH401.
4.13 Repository Tables
Table 4R. 1: 40Ar/39Ar data for K-spar from the Tordrillo Mountains.
01PH426A FS#1 Tordrillo Mountains
Weighted average of J from standards = 3 585e-03 +/-
Laser
Power Cumulative 40Ar/39Ar +/-
1 017e-05 
37Ar/39Ar +/- 36Ar/39Ar +/-
%
Atmospheric
(mW)
400
39Ar
0 0264
measured 
560 9484 1 8018
measured 
0 0042 0 0009
measured 
1 8642 0 0069
40Ar
98 2065
600 0 0746 21 9498 0 1727 0 0118 0 0006 0 0450 0 0007 60 6086
800 0 1233 14 3705 0 0847 0 0065 0 0006 0 0181 0 0002 37 2679
1000 0 1659 11 7681 0 0500 0 0054 0 0005 0 0090 0 0002 22 6739
1300 0 2078 11 6033 0 0487 0 0062 0 0007 0 0085 0 0001 21 6617
1600 0 2427 11 2729 0 0681 0 0064 0 0006 0 0078 0 0002 20 5389
2000 0 2917 12 0673 0 0589 0 0081 0 0005 0 0109 0 0002 26 7437
2500 0 4040 13 4751 0 0483 0 0069 0 0002 0 0155 0 0002 34 0367
3000 0 6424 13 5542 0 0671 0 0061 0 0001 0 0156 0 0002 34 0584
4000 0 7978 13 1530 0 0554 0 0060 0 0002 00141 0 0001 31 8215
5000 0 8590 12 8784 0 0862 0 0053 0 0003 00130 0 0002 29 7913
6000 0 8735 12 5446 0 0857 0 0046 0 0010 00117 0 0004 27 7254
9000 0 8966 12 9083 0 0852 0 0051 0 0007 0 0128 0 0005 29 4183
9001 1 0000 12 6657 0 0400 0 0050 0 0004 0 0120 0 0002 28 0838
Integrated 27 9047
02PH322 FS#1 Tordnllo Mountains 
Weighted average of J from standards = 3
Laser
Power Cumulative 40Ar/39Ar
0 0478
585e-03 +/- 
+/-
0 0063
1 017e-05 
37Ar/39Ar
0 0001
+/-
0 0640 
36Ar/39Ar
0 0002
+/-
67 8001
%
Atmospheric
(mW)
400
39Ar
0 0186
measured 
69 2344 0 5325
measured 
0 0226 0 0017
measured 
0 2039 0 0022
40Ar
87 0676
600 0 0429 26 2599 0 1296 0 0170 0 0019 0 0586 0 0006 66 0385
800 0 0688 28 0249 0 1259 0 0166 0 0010 0 0652 0 0006 68 8100
1000 0 0855 18 8324 0 1311 0 0151 0 0028 0 0330 0 0008 51 9244
1300 0 1009 21 9916 0 1356 0 0164 0 0018 0 0433 0 0008 58 2429
1600 0 1170 18 8742 0 1062 0 0148 0 0017 0 0346 0 0011 54 1887
2000 0 1419 19 7871 0 1367 0 0102 0 0014 0 0386 0 0006 57 7302
2500 0 1814 21 1976 0 1243 0 0120 0 0010 0 0426 0 0005 59 5084
3000 0 2276 22 2844 0 1445 00113 0 0008 0 0467 0 0006 61 9876
4000 0 3062 19 5217 0 1168 0 0123 0 0004 0 0370 0 0004 56 0969
5000 0 3923 19 0206 0 0746 00115 0 0004 0 0353 0 0002 54 8954
Ca/K
0 0077
0 0217
00119
0 0099
00114
00117
0 0148
0 0126
00112
00111
0 0097
0 0084
0 0093
0 0092
00115
Ca/K
0 0414
0 0312
0 0305
0 0277
0 0301
0 0272
0 0187
0 0219
0 0207
0 0226
0 0212
+/- Ct/K +/- 40739K +/- Age
(Ma)
+/-
(Ma)
0 0017 0 0189 0 0004 10 0602 1 5996 63 92 9 99
0 0011 0 0012 0 0001 8 6347 0 2316 55 00 1 45
0 0011 0 0008 0 0001 8 9964 0 0972 57 27 0 61
0 0009 0 0005 0 0001 9 0769 0 0706 57 77 0 44
0 0014 0 0006 0 0000 9 0666 0 0600 57 71 0 38
0 0010 0 0006 0 0001 8 9340 0 0893 56 88 0 56
0 0009 0 0008 0 0001 8 8183 0 0708 56 15 0 44
0 0003 0 0011 0 0000 8 8691 0 0540 56 47 0 34
0 0001 0 0012 0 0000 8 9183 0 0635 56 78 0 40
0 0003 0 0012 0 0000 8 9473 0 0503 56 96 0 31
0 0005 0 0013 0 0001 9 0209 0 0934 57 42 0 58
0 0019 0 0012 0 0001 9 0451 0 1414 57 58 0 89
0 0013 0 0011 0 0001 9 0900 0 1619 57 86 1 01
0 0008 0 0012 0 0000 9 0873 0 0660 57 84 041
0 0002 0 0015 0 0000 8 9758 0 0489 57 14 0 35
+/- Cl/K +/- 40739K +/- Age
(Ma)
+/-
(Ma)
0 0031 0 0182 0 0004 8 9499 0 6498 56 98 4 07
0 0034 0 0008 0 0002 8 9083 0 2160 56 72 1 35
0 0018 0 0009 0 0001 8 7318 0 2048 55 61 1 28
0 0052 0 0005 0 0002 9 0396 0 2370 57 54 1 48
0 0033 0 0008 0 0002 9 1708 0 2498 58 36 1 56
0 0031 0 0009 0 0002 8 6330 0 3207 54 99 2 01
0 0027 0 0012 0 0001 8 3515 0 2002 53 22 1 26
0 0019 0 0017 0 0001 8 5713 0 1719 54 60 1 08
0 0015 0 0016 0 0001 8 4596 0 2049 53 90 1 29
0 0008 0 0017 0 0001 8 5577 0 1373 54 52 0 86
0 0008 0 0015 0 0000 8 5658 0 0891 54 57 0 56
to
ON
Tabic 4R 1continued
6000 0 4655 19 3235 0 1425 0 0108 0 0006 0 0366 0 0005
9000 0 4994 19 5854 0 1200 0 0099 0 0008 0 0361 0 0005
9001 1 0000 18 6978 0 0807 0 0083 0 0001 0 0335 0 0002
Integrated 20 5786 0 0484 0 0105 0 0002 0 0401 0 0001
03PH408 FS#1 Tordnllo Mountains
Weighted average of J from standards = 3 585e-03 +/- 1 017e-05
Laser
Power Cumulative 40Ar/39Ar +/- 37Ar/39Ar +/- 36Ar/39Ar +/-
(mW) 39Ar measured measured measured
400 0 0154 162 4893 0 5389 0 0058 0 0009 0 5054 0 0022
600 0 0417 13 1009 0 0916 0 0067 0 0006 0 0167 0 0003
800 0 0704 11 3643 0 0765 0 0058 0 0005 0 0103 0 0003
1000 0 0964 10 7315 0 0712 0 0041 0 0007 0 0077 0 0002
1300 0 1304 11 9808 0 0704 0 0031 0 0004 00115 0 0002
1600 0 1561 10 8485 0 0659 0 0034 0 0009 0 0080 0 0003
2000 0 1823 10 7609 0 0559 0 0054 0 0006 0 0079 0 0002
2500 0 2162 11 1030 0 0769 0 0071 0 0005 0 0102 0 0004
3000 0 2590 11 7531 0 0777 0 0085 0 0005 0 0120 0 0002
4000 0 3294 11 7202 0 0618 0 0094 0 0003 00116 0 0002
5000 04101 11 2011 0 0503 0 0088 0 0002 0 0095 0 0002
6000 0 5102 10 6149 0 0663 0 0049 0 0002 0 0075 0 0001
9000 0 6094 10 4164 0 0554 0 0027 0 0002 0 0064 0 0001
9001 1 0000 10 5216 0 0520 0 0029 0 0001 0 0065 0 0001
Integrated 13 2416 0 0287 0 0047 0 0001 0 0159 0 0001
03PH407 FS#1 Tordnllo Mountains
Weighted average of J from standards = 3 585e-03 +/- 1 017e-05
Laser
Power Cumulative 40Ar/39Ar +/- 37Ar/39Ar +/- 36Ar/39Ar +/-
(mW) 39Ar measured measured measured
400 0 0068 585 2155 1 7711 0 0056 0 0018 1 9775 0 0101
600 0 0272 48 6219 0 2548 0 0088 0 0005 0 1394 0 0010
800 0 0528 24 1779 0 1468 0 0084 0 0005 0 0542 0 0003
1000 0 0754 17 9820 0 1091 0 0061 0 0006 0 0322 0 0003
1300 0 1018 21 2566 0 0895 0 0044 0 0006 0 0438 0 0006
1600 0 1237 17 4961 0 1020 0 0043 0 0006 0 0298 0 0003
2000 0 1484 18 3053 0 0746 0 0073 0 0005 0 0334 0 0003
2500 0 1756 16 3486 0 0836 0 0090 0 0005 0 0274 0 0002
3000 0 2073 18 9446 0 1089 0 0108 0 0005 0 0363 0 0004
56 0416
54 5542
52 9415
57 6247
lospheric
ir
91 9302
37 6486
26 7865
21 3109
28 4558
21 8948
21 6563
27 2911
30 3464
29 3943
25 2128
20 9366
18 1892
18 2064
35 5715
lospherickr
99 8552
84 7859
66 3615
52 9678
60 9878
50 4845
54 0286
49 5673
56 7143
0 0198 0 0011 0 0011 0 0001 8 4813 0 1889 54 04 1 19
0 0182 0 0014 0 0013 0 0001 8 8873 0 1711 56 59 1 07
0 0153 0 0002 0 0012 0 0000 8 7850 0 0639 55 94 0 40
0 0193 0 0003 0 0016 0 0000 8 7077 0 0429 55 46 0 31
Ca/K +/- Cl/K +/- 40739K +/- Age
(Ma)
+/-
(Ma)
0 0106 0 0016 0 0611 0 0005 13 1102 0 5656 82 86 3 49
0 0123 0 0010 0 0028 0 0001 8 1501 0 1085 51 96 0 68
0 0106 0 0009 00016 0 0001 8 2985 0 1025 52 89 0 64
0 0075 0 0012 0 0014 0 0001 8 4212 0 0834 53 66 0 52
0 0056 0 0008 0 0021 0 0001 8 5504 0 0754 54 47 0 47
0 0062 0 0017 0 0014 0 0001 8 4501 01092 53 84 0 69
0 0099 0 0011 0 0011 0 0001 8 4073 0 0797 53 57 0 50
0 0130 0 0009 0 0018 0 0001 8 0513 0 1251 51 34 0 79
0 0156 0 0009 0 0022 0 0001 8 1658 0 0914 52 06 0 57
0 0173 0 0006 0 0026 0 0000 8 2542 0 0762 52 61 0 48
0 0161 0 0004 0 0027 0 0001 8 3549 0 0669 53 25 0 42
0 0090 0 0004 0 0026 0 0000 8 3690 0 0745 53 33 0 47
0 0049 0 0003 0 0025 0 0000 8 4975 0 0607 54 14 0 38
0 0053 0 0001 0 0023 0 0000 8 5817 0 0458 54 67 0 29
0 0087 0 0001 0 0032 0 0000 8 5122 0 0249 54 23 0 22
Ca/K +/- Cl/K +/- 40739K +/- Age
(Ma)
+/-
(Ma)
0 0102 0 0032 0 0125 0 0006 0 8474 2 8996 5 47 18 70
0 0162 0 0010 0 0013 0 0001 7 3929 0 2194 47 19 1 38
0 0154 0 0009 0 0007 0 0001 8 1232 0 1362 51 79 0 86
0 0112 0 0012 0 0006 0 0001 8 4434 0 1087 53 80 0 68
0 0081 0 0011 0 0007 0 0001 8 2811 0 1801 52 78 1 13
0 0078 0 0011 0 0007 0 0001 8 6486 0 1094 55 09 0 69
0 0135 0 0009 0 0006 0 0000 8 4016 0 1143 53 54 0 72
0 0165 0 0008 0 0007 0 0001 8 2301 0 0917 52 46 0 58
0 0197 0 0008 0 0008 0 0000 8 1875 0 1428 52 19 0 90
-JO
Tabic 4R 1continued
4000 0 2832 20 6192 0 0778 0 0138 0 0002 0 0425 0 0003
5000 0 3900 18 5881 0 0729 0 0140 0 0002 0 0354 0 0002
6000 0 5447 15 2935 0 0650 0 0071 0 0001 0 0238 0 0002
9000 0 6830 14 4707 0 0573 0 0035 0 0001 0 0207 0 0001
9001 1 0000 17 6796 0 0563 0 0092 0 0001 0 0305 0 0001
Integrated 21 9661 0 0313 0 0086 0 0001 0 0462 0 0001
03PH406A FS#1 Tordrillo Mountains
Weighted average of J from standards = 3 585e-03 +/- 1 017e-05
Laser
Power Cumulative 40Ar/39Ar +/- 37Ar/39Ar +/- 36Ar/39Ar +/-
(mW) 39Ar measured measured measured
400 0 0056 323 8739 1 4863 0 0012 0 0011 1 0967 0 0080
600 00131 65 8774 0 4039 0 0004 0 0005 0 2000 0 0021
800 0 0189 51 9891 0 4806 0 0010 0 0007 0 1531 0 0015
1000 0 0228 36 5118 0 2135 0 0000 0 0013 0 0999 0 0016
1300 0 0278 41 5676 0 3965 0 0032 0 0016 0 1195 0 0018
1600 0 0340 43 8066 0 4213 0 0008 0 0009 0 1254 0 0014
2000 0 0438 37 9937 0 2711 0 0027 0 0010 0 1074 0 0011
2500 0 0586 35 3027 0 2071 0 0024 0 0007 0 0962 0 0009
3000 0 0777 32 1927 0 1427 0 0009 0 0008 0 0870 0 0018
4000 0 1262 27 4593 0 1074 0 0020 0 0002 0 0699 0 0004
5000 0 2200 26 0515 0 1516 0 0014 0 0001 0 0644 0 0005
6000 0 5576 22 8794 0 0744 0 0030 0 0000 0 0526 0 0002
9000 0 7010 22 8086 0 0904 0 0003 0 0001 0 0520 0 0002
9001 1 0000 24 1017 0 0880 0 0003 0 0000 0 0555 0 0002
Integrated 26 7214 0 0455 0 0015 0 0000 0 0657 0 0001
03PH405A FS#1 Tordrillo Mountains
Weighted average of J from standards = 3 585e-03 +/- 1 017e-05
Laser
Power Cumulative 40Ar/39Ar +/- 37Ar/39Ar +/- 36Ar/39Ar +/-
(mW) 39Ar measured measured measured
400 0 0061 131 9272 1 0432 -0 0025 0 0027 0 4245 0 0041
600 0 0137 49 0946 0 5024 0 0048 0 0025 0 1422 0 0024
800 0 0221 48 1155 0 3698 0 0036 0 0024 0 1390 0 0022
1000 0 0379 50 2639 0 3396 0 0024 0 0009 0 1458 0 0014
1300 0 0497 46 8417 0 3424 0 0053 0 0014 0 1352 0 0016
1600 0 0662 38 6431 0 2567 0 0020 0 0008 0 1073 0 0010
61 0065
56 3513
46 0037
42 3588
51 1077
62 2068
losphenc
>r
100 0675
89 7404
87 0836
80 9375
85 0108
84 6458
83 5623
80 5636
79 9646
75 2491
73 1129
67 9712
67 4557
68 0810
72 6857
tospherickr
95 1106
85 6193
85 4440
85 7809
85 3098
82 1254
0 0253 0 0004 0 0010 0 0001
0 0257 0 0003 0 0012 0 0000
0 0131 0 0002 0 0011 0 0000
0 0064 0 0002 0 0009 0 0000
0 0170 0 0002 0 0009 0 0000
0 0158 0 0001 0 0010 0 0000
Ca/K +/- Cl/K +/-
0 0022 0 0020 0 0015 0 0005
0 0008 0 0008 0 0003 0 0002
0 0017 0 0012 0 0004 0 0002
0 0001 0 0024 0 0005 0 0003
0 0058 0 0029 0 0003 0 0002
0 0014 0 0016 0 0000 0 0001
0 0050 0 0019 0 0004 0 0001
0 0044 0 0012 0 0004 0 0001
0 0016 0 0015 0 0002 0 0001
0 0037 0 0004 0 0005 0 0001
0 0025 0 0002 0 0005 0 0000
0 0055 0 0001 0 0005 0 0000
0 0006 0 0001 0 0005 0 0000
0 0005 0 0001 0 0005 0 0000
0 0027 0 0001 0 0005 0 0000
Ca/K +/- Cl/K +/-
0 0045 0 0049 0 0010 0 0003
0 0087 0 0046 0 0006 0 0003
0 0066 0 0045 0 0005 0 0002
0 0043 0 0017 0 0007 0 0002
0 0097 0 0026 0 0004 0 0002
0 0036 0 0015 0 0005 0 0001
0 0838 51 20 0 53
0 0574 51 65 0 36
0 0638 52 54 0 40
0 0532 53 05 0 33
0 0481 54 97 0 30
0 0308 52 84 0 24
+/- Age +/-
(Ma) (Ma)
2 0798 -1 41 13 46
0 6416 43 18 4 05
0 5085 42 89 321
0 4535 44 43 2 86
0 5072 39 83 3 21
0 4503 42 96 2 84
0 3675 39 92 2 33
0 2716 43 81 1 71
0 5339 41 21 3 38
0 1235 43 39 0 78
0 1376 44 70 0 87
0 0680 46 73 0 43
0 0685 47 32 0 43
0 0649 49 02 0 41
0 0390 46 55 0 28
+/- Age +/-
(Ma) (Ma)
0 9316 41 24 5 89
0 6719 45 07 4 24
0 6758 44 71 4 26
04116 45 62 2 60
0 4822 43 94 3 04
0 3356 44 10 2 12
K>- J
8 0287
8 1006
8 2419
8 3240
8 6295
8 2905
40*/39K
-0 2187
6 7557
67113
6 9544
6 2262
6 7216
6 2404
6 8558
6 4440
6 7891
6 9965
7 3185
7 4132
7 6836
7 2907
40*/39K
6 4490
7 0559
6 9994
7 1429
6 8768
6 9020
Table 4R 1continued
2000 0 0901 27 4156 0 1601 0 0025 0 0017 0 0680
2500 0 1236 22 3911 0 1241 0 0027 0 0007 0 0519
3000 0 1629 21 3536 0 1089 0 0031 0 0005 0 0481
4000 0 2269 19 2716 0 0934 0 0038 0 0004 0 0406
5000 0 2963 16 9082 0 0980 0 0031 0 0003 0 0324
6000 0 3741 15 9857 0 0861 0 0022 0 0002 0 0290
9000 0 4297 15 3256 0 0713 0 0013 0 0004 0 0265
9001 1 0000 17 7104 0 0478 0 0024 0 0001 0 0344
Integrated 20 4124 0 0342 0 0025 0 0001 0 0440
03PH404A FS#1 Tordnllo Mountains
Weighted average of J from standards = 3 585e-03 +/- 1 017e-05
Laser
Power Cumulative 40Ar/39Ar +/- 37Ar/39Ar +/- 36Ar/39Ar
(mW) 39Ar measured measured measured
400 0 0103 200 3153 0 9670 0 0040 0 0017 0 6688
600 0 0202 59 1234 0 3521 0 0041 0 0020 0 1789
800 0 0264 39 3741 0 3308 0 0091 0 0035 0 1114
1000 0 0308 43 5192 0 2986 0 0068 0 0046 0 1236
1300 0 0365 47 2112 0 4251 0 0063 0 0032 0 1379
1600 0 0460 57 1754 0 4354 0 0043 0 0021 0 1717
2000 0 0646 49 9240 0 2699 0 0030 0 0007 0 1475
2500 0 0930 46 9340 0 2147 0 0049 0 0005 0 1381
3000 0 1243 40 6251 0 1628 0 0035 0 0005 0 1167
4000 0 1977 34 6307 0 1721 0 0026 0 0003 0 0957
5000 0 3202 29 7821 0 1514 0 0017 0 0001 0 0786
6000 0 4874 27 5406 0 1473 0 0012 0 0001 0 0701
9000 0 5892 25 7660 0 1191 0 0013 0 0002 0 0638
9001 1 0000 26 3513 0 1084 0 0011 0 0000 0 0645
Integrated 31 6683 0 0635 0 0018 0 0001 0 0840
03PH403A FS#1 Tordrillo Mountains
Weighted average of J from standards = 3 585e-03 +/-1 017e-05
Laser
Power
(mW)
400
600
800
Cumulative
39Ar
0 0640 
0 1024 
0 1349
40Ar/39Ar
measured
35 7123 
9 9075 
9 3960
0 1164
0 0658 
0 0652
37Ar/39Ar 
measured 
0 0197 
0 0254 
0 0191
0 0004 
0 0007 
0 0008
36Ar/39Ar 
measured 
0 0898 
0 0058 
0 0045
0 0010
0 0005 
0 0004 
0 0004 
0 0002 
0 0002 
0 0004 
0 0001
0 0001
+/-
0 0053 
0 0024 
0 0014 
0 0014
0 0022 
0 0017 
0 0013 
0 0010 
0 0009 
0 0005 
0 0006 
0 0005 
0 0005 
0 0003
0 0002
+/-
0 0004 
0 0002 
0 0002
73 3189
68 5228
66 6865
62 3206
56 7944
53 6115
51 1256
57 4913
63 7088
lospheric
ir
98 6689
89 4656
83 6914
83 9551
86 3456
88 7619
87 3804
86 9849
84 9587
81 7549
78 0187
75 2805
73 2079
72 3706
78 4121
lospheric
74 3436
17 3324
14 2935
0 0045 0 0030 0 0006 0 0001 7 3069 0 2982 46 65 1 88
0 0050 0 0012 0 0006 0 0001 7 0388 0 1719 44 96 1 08
0 0056 0 0009 0 0006 0 0001 7 1038 0 1471 45 37 0 93
0 0069 0 0006 0 0005 0 0001 7 2503 0 1275 46 30 0 80
0 0058 0 0005 0 0006 0 0000 7 2925 0 0985 46 56 0 62
0 0040 0 0004 0 0006 0 0000 7 4018 0 0909 47 25 0 57
0 0023 0 0007 0 0005 0 0000 7 4758 0 1308 47 72 0 82
0 0043 0 0001 0 0006 0 0000 7 5159 0 0351 47 97 0 22
0 0046 0 0002 0 0006 0 0000 7 3972 0 0305 47 22 0 23
Ca/K +/- Cl/K +/- 40739K +/- Age
(Ma)
+/-
(Ma)
0 0074 0 0031 0 0009 0 0003 2 6661 1 4789 17 16 9 48
0 0076 0 0036 0 0009 0 0003 6 2252 0 6993 39 82 4 42
0 0167 0 0065 0 0004 0 0003 6 4166 0 4550 41 03 2 88
0 0125 0 0084 0 0004 0 0003 6 9779 0 4463 44 58 2 82
0 0116 0 0059 0 0001 0 0003 6 4424 0 6747 41 20 4 27
0 0079 0 0039 0 0005 0 0001 6 4221 0 4732 41 07 2 99
0 0056 0 0013 0 0004 0 0001 6 2965 0 3926 40 27 2 48
0 0090 0 0009 0 0006 0 0001 6 1047 0 2799 39 06 1 77
0 0065 0 0009 0 0007 0 0001 6 1061 0 2593 39 07 1 64
0 0048 0 0005 0 0006 0 0001 6 3130 0 1394 40 38 0 88
0 0032 0 0002 0 0005 0 0000 6 5400 0 1657 41 81 1 05
0 0022 0 0002 0 0006 0 0000 6 8006 0 1453 43 46 0 92
0 0023 0 0003 0 0006 0 0000 6 8953 0 1406 44 06 0 89
0 0021 0 0001 0 0006 0 0000 7 2725 0 1061 46 44 0 67
0 0032 0 0001 0 0006 0 0000 6 8301 0 0609 43 64 0 40
Ca/K +/- Cl/K +/- 40739K +/- Age +/-
(Ma) (Ma)
0 0361 0 0008 0 0079 0 0001 9 1550 0 1230 58 26 0 77
0 0465 0 0012 0 0010 0 0001 8 1659 0 0871 52 06 0 55
0 0350 0 0015 0 0011 0 0001 8 0276 0 0853 51 19 0 54
K>- J
Table 4R 1continued
1000 0 1597 8 9494 0 0658 0 0163 0 0009 0 0034 0 0003 11 2842 0 0299
1300 0 1977 9 1863 0 0649 0 0175 0 0005 0 0052 0 0003 16 9092 0 0320
1600 0 2504 9 6233 0 0471 0 0206 0 0006 0 0077 0 0002 23 5432 0 0378
2000 0 3356 9 5844 0 0573 0 0253 0 0005 0 0075 0 0001 23 3027 0 0464
2500 0 5024 9 1601 0 0408 0 0209 0 0002 0 0052 0 0000 16 7504 0 0383
3000 0 7185 8 8714 0 0323 0 0061 0 0002 0 0031 0 0001 10 2937 00112
4000 0 7496 9 1827 0 0753 0 0078 0 0008 0 0041 0 0002 13 2618 0 0144
5000 08110 9 0225 0 0458 0 0054 0 0004 0 0030 0 0001 9 8433 0 0099
6000 0 8972 9 1164 0 0494 0 0091 0 0003 0 0032 0 0001 10 4350 0 0168
9001 1 0000 9 2650 0 0587 0 0142 0 0004 0 0039 0 0001 12 3863 0 0260
ated 10 8881 0 0169 0 0148 0 0001 0 0100 0 0000 27 0933 0 0271
03PH402A FS#1 Tordrillo Mountains
Weighted average of J from standards = 3 585e-03 +/-1 017e-05
Step T (C) t (min) 39Ar (mol) +/- Cum
39Ar
Age (Ma) +/- Model Age
1 300 12 3 01E-13 3 48E-15 0 0532 -74 78 11239 11239
2 300 40 4 67E-13 3 23E-15 0 1359 154 77 23 88 23 88
3 350 12 1 10E-12 1 03E-14 0 3312 167 1 11 86 11 86
4 350 40 1 00E-12 6 54E-15 0 5085 27 3 6 05 6 05
5 400 12 5 54E-12 2 17E-14 1 4893 92 39 2 48 2 48
6 400 40 2 73E-12 7 91E-15 1 9717 25 7 2 34 2 34
7 450 12 761E-12 2 91E-14 3 319 54 23 1 48 1 48
8 450 40 6 55E-12 2 15E-14 4 4779 35 77 0 87 0 87
9 500 12 8 95E-12 3 88E-14 6 0629 49 62 1 24 1 24
10 500 40 7 61E-12 2 91E-14 7 4094 44 16 0 76 0 76
11 550 12 1 15E-11 6 71E-14 9 4376 47 45 2 38 2 38
12 550 40 7 02E-12 8 26E-14 10 68 45 69 1 32 1 32
13 600 12 2 84E-12 1 10E-14 11 182 45 24 1 79 1 79
14 600 40 1 13E-11 1 03E-13 13 182 44 68 1 05 1 05
15 650 12 6 07E-12 2 29E-14 14 258 44 46 0 96 0 96
16 650 40 6 48E-12 3 14E-14 15 405 43 46 0 65 0 65
17 700 12 5 40E-12 1 53E-14 16 361 41 48 0 88 0 88
18 700 40 8 32E-12 6 86E-14 17 833 39 43 0 94 0 94
19 750 12 5 45E-12 1 65E-14 18 797 39 65 0 73 0 73
20 750 40 1 22E-11 9 33E-14 20 962 41 75 1 1
21 800 12 1 82E-11 6 48E-14 24 183 42 05 0 75 0 75
22 800 40 5 38E-11 2 28E-13 33 704 41 08 0 23 0 23
23 850 12 6 80E-11 3 03E-13 45 741 41 37 0 29 0 29
24 850 40 1 20E-10 3 54E-13 67 061 42 33 0 59 0 59
25 900 12 1 44E-11 5 26E-14 69 604 43 19 0 65 0 65
26 950 12 1 36E-11 5 86E-14 72 002 42 99 0 99 0 99
27 1000 12 7 15E-12 3 54E-14 73 269 42 72 1 02 1 02
0 0016 0 0008 0 0001 7
0 0010 0 0012 0 0001 7
0 0010 0 0015 0 0001 7
0 0010 0 0017 0 0001 7
0 0004 0 0017 0 0000 7
0 0003 0 0015 0 0000 7
0 0014 0 0016 0 0001 7
0 0007 0 0016 0 0000 8
0 0006 0 0015 0 0000 8
0 0008 0 0015 0 0000 8
0 0002 0 0019 0 0000 7
Cl age +/-
-74 78 11239
154 77 23 88
167 1 11 86
27 3 6 05
92 39 2 48
25 7 2 34
54 23 1 48
35 77 0 87
49 62 1 24
44 16 0 76
47 45 2 38
45 69 1 32
45 24 1 79
44 68 1 05
44 46 0 96
43 46 0 65
41 48 0 88
39 43 0 94
39 65 0 73
41 75 1
42 05 0 75
41 08 0 23
41 37 0 29
42 33 0 59
43 19 0 65
42 99 0 99
42 72 1 02
0 1043 50 47 0 66
0 0957 48 55 0 60
0 0728 46 83 0 46
0 0567 46 79 0 36
0 0373 48 51 0 23
0 0373 50 59 0 23
0 0890 50 63 0 56
0 0578 51 69 0 36
0 0541 51 89 0 34
0 0604 51 59 0 38
0 0180 50 49 0 18
9133
6084
3351
3283
6011
9316
9392
1076
1386
0914
9166
K>U>
Table 4R Icontinued
28 1000 40 1 87E-11 7 04E-14 76 573 44 35
29 1000 60 1 01E-11 3 91E-14 78 357 46 05
30 1050 12 8 73E-12 7 19E-14 79 902 46 93
31 1050 40 1 21E-11 3 58E-14 82 048 46 45
32 1050 60 9 75E-12 1 61E-14 83 774 49 17
33 1100 12 1 12E-11 4 34E-14 85 763 50 23
34 1200 12 6 09E-11 3 18E-13 96 542 46 82
35 1600 40 1 95E-11 5 12E-14 99 99 21 48
03PH401FS#1 Tordrillo Mountains
Weighted average of J from standards = 3 585e-03 +/-1 017e-05
Step T (C) t (mm) 39Ar (mol) +/- Cum Age (Ma)
1 300 12 7 30E-13 4 65E-15
39Ar 
0 0729 19 87
2 300 40 4 07E-13 4 10E-15 0 1136 33 57
3 350 12 2 11E-12 3 29E-14 0 3245 81 11
4 350 40 1 10E-12 9 56E-15 0 4348 10 52
5 400 12 5 43E-12 4 90E-14 0 9773 63 38
6 400 40 4 78E-12 2 86E-14 1 4549 8 83
7 450 12 9 63E-12 6 50E-14 2 4178 48 88
8 450 40 7 50E-12 5 05E-14 3 1676 8 55
9 500 12 8 34E-12 4 28E-14 4 0009 66 44
10 500 40 4 01E-12 4 38E-14 4 4016 8 53
11 550 12 1 49E-11 1 28E-13 5 8941 77 25
12 550 40 1 07E-11 1 10E-13 6 9655 12 26
13 600 12 6 61E-12 6 93E-14 7 6262 16 37
14 600 40 3 30E-11 1 54E-13 10 923 21 58
15 650 12 2 15E-11 1 21E-13 13 076 26 24
16 650 40 2 44E-11 9 16E-14 15518 24 78
17 700 12 1 53E-11 6 29E-14 17 049 36 85
18 700 40 1 84E-11 1 28E-13 18 891 23 5
19 750 12 1 20E-11 1 41E-13 20 091 23 14
Table 4R  1 
continued 
20 750 40 1 88E-11 1 43E-13 21 969 21 63
21 800 12 3 37E-11 1 58E-13 25 337 28 29
22 800 40 1 32E-10 1 45E-12 38 481 29 43
23 850 12 1 61E-10 5 47E-13 54 583 30 22
24 850 40 1 01E-10 3 07E-13 64 629 30 63
25 900 12 2 07E-11 1 18E-13 66 698 35 73
26 950 12 3 03E-11 1 44E-13 69 724 31 07
27 1000 12 1 84E-11 1 04E-13 71 562 29 65
28 1000 40 5 70E-11 3 04E-13 77 263 29 41
29 1000 60 3 85E-11 1 95E-13 81 112 28 51
0 62
1 23
1 62
0 99
0 69
0 78
0 78
6 28
+/-
22 29
41 13
25 02
16 53
10 08
3 35
2 86
2 41
241
4 44
4 29
1 74
1 23
0 58
05
0 42
0 66
06
1 11
0 64
0 35
0 44
0 33
0 58
1 03
0 47
0 55
0 45
0 28
0 62
1 23
1 62
0 99
0 69
0 78
0 78
6 28
Mode
22  2 '411:
25 o:
16 5:
10 Of
3 35
2 86
2 41
2 41
4 44
4 29
1 74
1 23
0 58
05
0 42
0 66
06
1 11
0 64
0 35
0 44
0 33
0 58
1 03
0 47
0 55
0 45
0 28
44 35 0 62
46 05 1 23
46 93 1 62
46 45 0 99
49 17 0 69
50 23 0 78
46 82 0 78
21 48 6 28
Cl age +/-
19 87 22 29
33 57 41 13
81 11 25 02
10 52 16 53
63 38 10 08
8 83 3 35
48 88 2 86
8 55 2 41
66 44 2 41
8 53 4 44
77 25 4 29
12 26 1 74
16 37 1 23
21 58 0 58
26 24 0 5
24 78 0 42
36 85 0 66
23 5 0 6
23 14 111
21 63 0 64
28 29 0 35
29 43 0 44
30 22 0 33
30 63 0 58
35 73 1 03
31 07 0 47
29 65 0 55
29 41 0 45
28 51 0 28
-j
Table 4R I 
continued 
30 1050 12 2 93E-11 6 83E-14 84 037 28 17 0 25 0 25 28 17 0 25
31 1050 40 4 72E-11 2 14E-13 88 752 29 22 0 49 0 49 29 22 0 49
32 1050 60 3 05E-11 1 80E-13 91 799 30 13 1 27 1 27 30 13 1 27
33 1100 12 1 36E-11 6 75E-14 93 156 33 15 1 2 1 2 33 15 1 2
34 1200 12 1 98E-11 4 67E-14 95 135 31 46 32 32 31 46 32
35 1600 40 4 87E-11 9 53E-14 99 99 26 84 3 25 3 25 26 84 3 25
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CHAPTER 5
CONCLUSION: OROGENIC HISTORY OF THE TOPOGRAPHICALLY 
SEGMENTED ALASKA RANGE
5.1 Introduction
Orogenesis, also known as mountain building, is ultimately driven by far- 
field (plate scale) tectonic processes. For example, the textbook case for mountain 
building is the continent-continent plate collision that resulted in the formation of 
the Himalayas. When one continental land mass collides with another, there is 
substantial shortening accompanied by surface uplift, because both plates are too 
buoyant to fully undergo subduction. Thermal perturbations, like migrating 
hotspots (Taylor and Fitzgerald, 2011) and ridge-subduction related slab windows 
(Thorkelson, 1996), can also lead to surface uplift.
Another driver of mountain building is oblique convergence between plates 
that can result in the formation of large scale strike-slip fault systems. Strike-slip 
fault systems like the San Andreas transform fault of California have associated 
mountain belts due to transpression (a component of shortening along with strike- 
slip shear). Interestingly, topographic development along strike-slip faults can vary 
along and across strike (e.g., Buscher and Spotila, 2007). This behavior is not 
always correlated with the degree of obliquity of the plate motion vector with 
respect to the fault trace or composition of juxtaposed rocks. This phenomenon is
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referred to as strain-partitioning and can result in asymmetric topographic 
development.
Strain-partitioning along strike-slip faults has been correlated with near­
field boundary conditions (within -20 km of the fault zone) such as structural 
irregularities: for example, restraining bends and variations in master strand fault 
dip. Climate regime also can play a role in strain-partitioning and associated 
asymmetrical topographic development. Surface processes can also have a first 
order effect on the structural evolution of an orogenic belt (Whipple, 2009) and 
affect relief through isostatic response to focused valley erosion (Molnar and 
England, 1990).
5.2 Discussion
The topographically segmented, -700 km long Alaska Range is a classic 
example of topographic development related to both far-field driving mechanisms 
and near-field boundary conditions. The central and eastern Alaska Range follows 
the curve of the Denali Fault strike-slip system. Areas of high peak elevation (e.g., 
6194 m in the central Alaska Range and 4216 m in the eastern Alaska Range) are 
separated by broad regions o f low topography (e.g., Broad Pass, -700 m, separating 
the central Alaska Range from the eastern Alaska Range).
To the west, there is a restraining bend in the Fault, and -6,000 m Mount 
McKinley lies within the south side of the bend. Southwest of the bend the main 
topography of the western Alaska Range takes an abrupt 90 degree turn away from
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the Denali Fault. This north-south limb of the Alaska Range is known as the 
western Alaska Range. The western Alaska Range lies at the junction between the 
southern Alaska block (Page et al., 1995) and the Bering block (Freymueller et al., 
2008). The western Alaska Range has few peaks over -2,500 m and a regional 
average elevation of -1300 m. The topographically high Tordillo Mountains, with 
-3,500 m peaks is an exception to this general western Alaska Range trend of 
-2500 m peak heights.
Understanding whether the Alaska Range formed synchronously or 
diachronously is key to deciphering both the far-field plate-tectonics mechanism(s) 
and the near-field boundary conditions that actuated the stress inboard into 
deformation and rock uplift. Based on new 40Ar/39Ar, apatite fission track and (U- 
Th)/He cooling ages (this study) and existing apatite fission track work (Fitzgerald 
et al., 1995; Flaeussler et al., 2008) the general Eocene to present thermal history of 
the Alaska Range can be constrained. The exhumation history of the Alaska Range 
can be inferred from the constrained thermal history of the region.
5.2.1 Eocene Slab Window
Rock cooling (-50 Ma to -  35 Ma) and associated topographic development
of the western Alaska Range is predominately driven by the thermal affects of an 
Eocene slab window (Chapter 4, this study). The slab window was related to the 
subduction of the Resurrection Plate-Kula Plate ridge (Haeussler et al., 2003). The 
migrating and thermally evolving slab-window affected a broad expanse of
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southern Alaska (O’Sullivan et al., 2010; Enkelmann et al., 2010). The available 
evidence indicates that the central (West, 1994; Fitzgerald et al., 1995) and eastern 
Alaska Range (Chapter 2; Chapter 3) were not strongly affected by the slab 
window event.
5.2.2 Neogene Yakutat Flat Slab Subduction
There is general agreement that the Yakutat microplate is the main far-field
driver of Neogene deformation in southern Alaska (Plafker, 1987; Eberhart-Phillips 
et al., 2006; Haeussler, 2008; Christeson et al., 2010; Benowitz et al., 2011; Finzel 
et al., 2011; Chapter 3). The timing of the initiation of flat slab subduction of the 
Yakutat microplate is still controversial. Apatite fission track work in the Tordrillo 
Mountains and rapid deposition of the Tyonek Formation in Cook Inlet (Haeussler 
et al., 2008) indicates that rapid Miocene exhumation began at -23 Ma. Detrital 
zircon fission track work in the Chugach-St. Elias Range at Alaska’s southern 
margin (Enkelmann et al., 2008) show a pulse of exhumation beginning by -25  Ma. 
Apatite fission track work in southwestern Alaska indicates rapid cooling in both 
plutonic and meta-sedimentary samples between -24  Ma and -20  Ma, implying 
regional cooling due to exhumation occurred during this time period (O’Sullivan et 
al., 2010). Deformation and metamorphism was occurring on the far-eastern Denali 
Fault by -18 Ma (Ritcher, 1976).
In addition, the Wrangell volcano field became active at -26  Ma and is 
associated with the Yakutat microplate convergence (Richter et al., 1990). The
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eastern Alaska Range was undergoing rapid exhumation by -24  Ma that continues 
to the present (Benowitz et al., 2011; Chapter 3). It is clear that significant 
deformation across southern Alaska began by -24  Ma and continues today. Long­
term occurrence of rapid exhumation in the eastern Alaska Range demands a 
continuous tectonic driving mechanism. Flat slab subduction of the Yakutat 
microplate under south-central Alaska is an obvious candidate.
5.2.3 ~6 Ma: Fault Reorganization and Block Rotation
The coeval -6  Ma cooling events at Mount McKinley (Fitzgerald et al.,
1995), the Tordrillo Mountains, and the southeastern comer of Alaska (Enkelmann 
et al., 2010) deserve further discussion. It is generally accepted that the Bering 
Strait (Fig. 5.1) opened -6  Ma to -5  Ma (Gladenkov et al., 2002). This is 
correlated with increased tectonism in the Bering Strait region related to the 
formation of the Bering block (Mackey et al., 1997). At the same time, initial 
glaciation in the southeastern comer of Alaska is associated with increased 
production of relief, preceding a world-wide change in climatic forcing (Zachos et 
al., 2001; Enkelmann et al., 2010; Amaud and Enkin, 2010). The time of formation 
of a hypothesized tectonic aneurism in the southeastern comer o f Alaska is also -6  
Ma (Enkelmann et al., 2010). By definition, tectonic aneurisms demand strong 
tectonic forcing (Zeitler et al., 2001). The Fairweather Fault region experienced an 
increase in rock uplift rates at -5  Ma (McAleer et al., 2009). Furthermore, -5  Ma is
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the time of a change in the magmatic composition of the Wrangell volcanic belt 
(Preece and Hart, 2004).
Interestingly, no region-wide change in exhumation rate of the high peak 
region of the eastern Alaska Range north of the Denali fault has been documented 
during this time period. The eastern Alaska Range aside, it is widely agreed that 
~6 Ma to ~5 Ma was the time of a change in tectonic process across southern 
Alaska, but no general agreement exists regarding the cause of the change in 
tectonic process.
Fitzgerald et al. (1995) suggested that a plate motion change was 
responsible for the change in exhumation rates in the McKinley region (37% 
increase in convergence rate; Engebretson et al., 1985). Haeussler et al. (2008) 
discounted the plate motion change argument because it is not clear if the plate 
motion change happened before, after, or during the McKinley exhumation event 
(-8  Ma: Atwater and Stock, 1998; ~ 4 Ma: Harbert and Cox; 1989; ~ 5 Ma: 
Engebretson et al., 1985). Haeussler et al. (2008) suggested that contractional 
response to the rotation of the southern Alaska block was responsible for 
deformation in the Tordrillo Mountains at ~ 6 Ma. Haeussler et al. (2008) linked to 
the progressive subduction of the Yakutat microplate as the far-field driving 
mechanism for a change in block rotation during this time period. As I discuss 
below, recent exhumation constraints from north of the Denali fault in the eastern 
Alaska Range (Benowitz et al., 2011; Chapter 3) and seismic imaging of the
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Yakutat microplate along the costal margin of Alaska support this interpretation 
(Christeson et al., 2010; Worthington et al., 2009).
A 37% increase in convergence rate should result in a region-wide increase 
in exhumation rates in the eastern Alaska Range. This is because deformation in the 
region is in part driven by the northwest migration of the southern Alaska block 
(Chapter 3; Benowitz et al., 2011). As stated above, no region-wide increase in 
exhumation rates has been identified along the north side of the Denali fault 
between ~6 and ~5 Ma, implying that plate motion change is probably not 
primarily responsible for the southern Alaska ~6 Ma tectonic event.
With new seismic constraints on the thickness/shape of the Yakutat 
microplate, we can refine the proposed progressive Yakutat subduction as 
driver/mechanism for the ~ 6 Ma southern Alaska tectonic event of Haeussler et al.
(2008). We suggest that reorganization of slip partitioning on the Denali Fault 
system was driven by the progressive increase in thickness of the subducting 
Yakutat microplate in the indenter comer (Worthington et al., 2009; Christeson et 
al., 2010;). The unsubducted part of the Yakutat microplate progressively thickens 
from west (~15 km) to east (-30 km) along the southern Alaska margin 
(Christenson et al., 2010; Worthington et al., 2009). As the thicker, unsubductable 
part of the Yakutat block was transported up the Queen Charlotte-Fairweather 
transform system into the southern margin of mainland Alaska, increased coupling 
and transfer of stress inboard would be expected (Yorath and Hyndman, 1983;
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Cloos, 1993; McAleer et al., 2009). This, in turn, may have resulted in 
displacement on the Totschunda strand of the Denali Fault. A transfer of slip from 
the eastern Denali Fault onto the Totschunda Fault would lead to a smaller radius 
for the outer arcuate boundary of the rotating southern Alaska block (Lahr and 
Plafker, 1980; Page et al., 1995). A change in the geometry and rotation of the 
southern Alaska block may have affected deformation along the western edge of 
the southern Alaska block. Using current plate motion rates (Elliott et al., 2010), 
the -30 km thick unsubductable section of the Yakutat microplate would have been 
located at the junction of the Denali Fault and Queen Charlotte Fault at -6  Ma, 
resulting in more coupling westward of the master strand of the Denali Fault. 
Testing of the hypothesis that progressive increase of Yakutat thickness led to onset 
of rotation of the southern Alaska block at -6  Ma is hampered by lack of 
constraints on the history of the Totschunda Fault and the long-term displacement 
history of the Denali Fault.
5.2.4 Near Field Boundary Conditions: The Geometry of the Denali Fault
The asymmetrical topographic signature of the Alaska Range is not solely 
related to variations in large-scale tectonic forcing or to block rotation reference 
frame (Fig. 5.2) (Benowitz et al., 2011; Chapter 3; Chapter 4). The Denali Fault 
itself plays an important role in topographic development in response to the 
Yakutat microplate collision. The Denali Fault is a major intracontinental right- 
lateral strike-slip fault that is still active, as demonstrated by the 2002 M7.9 Denali
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Fault earthquake (Eberhart-Phillips et al., 2003). High topography is located 
primarily to the north of the Denali Fault in the eastern Alaska Range. To the west 
in the central Alaska Range, high topography is primarily south of the Denali Fault. 
If the dip of the Fault changes from north dipping along the eastern Alaska Range, 
to vertical at Broad Pass, to south dipping in the central Alaska Range, that fault 
geometry configuration would in part explain the north-south asymmetric 
topographic signature of the Alaska Range.
5.2.5 Late Cenozoic Climatic Forcing: Tecono-Glacial Interactions
The average elevation within the eastern, central, and western segments of
the Alaska Range is only -1300 m. Along the whole range front, high topographic 
regions are only -2500 m. Conversely, the relief and verticality of the range from 
the tundra (-700 m) to glacier capped peaks (up to -6000 m) is quite dramatic over 
a short horizontal distance (<20 km). The topographic signature we see today is the 
result of a pre-existing landscape modified by Plio-Quatemary surface processes. 
Though there is no singular tectonic driver or uplift age for the Alaska Range, it is 
clear that the orogenic belt as a whole has been affected by the late Cenozoic 
worldwide trend in increased erosion rates related to global cooling and climatic 
instability (Chapter 2 and 3).
5.3 Figures
Figure 5.1: Coastal relief model of southern Alaska. From Lim and Wigley (2009). ~6 Ma tectonic events across southern Alaska discussed in detail in the text. Yakutat-North America and Pacific-North America plate motion is from Elliott et al. (2010).
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Figure 5.2: Summary o f timing and tectonic cause of surface uplift events in theAlaska Range since -50  Ma to present. The gaps in surface uplift may be realperiods of tectonic quiescence or may simply reflect insufficient data collection.
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